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20. \ontinued.

The Optical Angular Motion Sensor (OAMS) Program, Phase II,
consisted of the fabrication and testing of a prototype model
to demonstrate compliance with OAMS performance requirements. The
qualification model consisted of a transmitter, a receiver, and an
electronics assembly. The alignment information was transmitted
between the transmitter and receiver on three discrete polarized
beams.

A prototype flight model was designed and the components for
( two (2) units plus spares have been acquired.

The primary objective of this program was to re-package the
brassboard design of Phase I to reduce power, weight and size, and
to improve reliability and maintainability. The performance of
each of the three channels was improved by the use of higher power
LEDs, more efficient collecting optics, and higher responsivity
detectors.

Preferred and military standard parts were incorporated to
maintain performance and ensure qualification of flight hardware.

Performance and calibration tests were performed to show
compliance with the sensor requirements, and to generate system
equations, i.e. curve fitting. Thermal testing was performed on
the brassboard unit to demonstrate performance over a 40-100 de-
grees Fahrenheit temperature range. All Phase 1I work was
performed at a separation distance of the transmitter and receiver
heads of 50 feet.
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SUMMARY

The Optical Angular Motion Sensor (OAMS) Program, Phase II, consIsted
of the redesign and conversion of the Phase I OAMS Brassboard into a
qualified Advanced Brassboard having a sigpificant improvement in perform-
ance and reliability. The Phase II objective was to develop a modular OAMS
design to provide the benefits of standard components and interchangeability.
Componenit specificacions were generated from the results of the Advanced
Brassboard Tests and a prototype Flight Model was designed. Long lead time
components for two (2) Flight Model instruments plus spares were purchased.

In Phase II modifications were made to the Phase I design which pro-
vided increased performance and allowed the range to be extended from 25 to
50 feet. Th( modifications included:

"o The utilization of three different LED light sources which
became available after the Phase I effort. These LED's were
of a higher power output than those of Phase I.

"o To accommodate the new LED's, a different collimating lens
system was incorporated. The Phase II lens system utilized
aspheric collecting optics which increased the laght
collection efficiency.

"o The Phase I detectors were replaced by detectors having a
higher responsivity.

"o The electronics were replaced by preferred and military
standard parts to maintain and improve performance and
maintainability.

Qualification testing and evaluation was performed on all new com-
ponents and a reliability program was performed in accordance with applicable
parts of MIL-STD-1543 and statistical reliability studies were performed oi
sub-systems and systems.

Calibration curves were obtained from the Advanced Brassboard from which
curve fitting polynominals were generated. In addition thermal testing over
the range 40 to 100 degrees Fahrenheit was performed.

Independent tests were performed by the Guidance Test Division of
Hollowan Air Force Base.

The feasibility of using the polarization concepts in triaxial atti-
tude sensing was demonstrated, and in Phase I1 Flight Hardware was designed
and Advanced Brassboard Hardware was built

iv
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PREFACE

Chrysler Corporation Nichoud Defense-Space Division submits this
final report, which covers the work performed in compliance with the work

statement of contract F04701-76-C-0044. This contract was issued by the
Department of the Air Force, Headquarters Space and Missile Systems
Organization (SAMSO), AF Unit Post Office, los Angeles, California 90009.

The program included the redesign and modification of !he Phase I
Brassboard of a 3-axis Optical Angular Motion Sensor (OAMS) into an Advanc-
ed Phase II Brassboard. Qualification tests were performed on the Advan-ced

Brassboard from which component Epecifications and a design for a Flight
Model were generated.

The authors acknowledge many helpful discussions with Messrs. M. Arck,

J. Redmann, G. Anderson, E. Farr, Dr. T. Kazangey, I. K. Egashira, J. Howell
* and J. Hall of Aerospace Corporation, Lt. G. Shaw and Capt. G. Rhue of

SAMSO and K. Miles of Holloman A.F.B.
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1.0 INTRODUCTION

Space missions, both present and projected, require precise alignment
information of sensors with respect to the spacecraft reference axes. If
the sensor is lo-ajed some distance from th.2 reference baseplate, as is often
the case, structural flexure during flight can result in significant mis-
alignment errors. As spacecraft become larger this separation distance
increases to the point that no system exists which can monit~r this relative
alignment with the sufficient accuracy required for precision space applica-
tions. The Optical Angular Motion Sensor (OANS) offers a solution.

Conventional methods of optical alignment are basically modifications
of autocollimation techniques. These techniques involve the precise measure-
ment of the position of the center of an image in the focal plane of an
objective lens. Accuracy is improved by increasing the focal length .ince
a given angular deviation would then produce a larger displacement of the
image in the focal plane. Arc-second accuracy usually requires focal lengths
of about thirty inches. The length in general creates additional problems
of mounting, portabilit: and maintaining internal alignment.

However, there are more basic limitations of autocollimation. First,
with presently available image positicn sensing devices, accuracy is increased
only by sacrificing measurement range. Beyond a certain range the device only
indicates the direction of displacement and not the degree of displacement.
Autocollimation devices having arc-second resolution generally have a measuring
range of a few minutes of arc. (This measurement range can be incre.lsed by
the use of coL'licated repositioning of components in the focal plane. How-
ever, the absolute accuracy suffers and the dynamic response is greatly reduced
due to the moving components.) The second disadvantage of autocollimation is
the requirement for hig' quality optics over the measurement range. For arc-
second resolution difirfction limited optics is a necessity. This require-
ment greatly increases the cost and the complexity of the sysý:em.

OA4S replaces the long focal length by an Angle Sensing Crystal. In
fact, an objective lens is not required. The only requirement is an optical
system to direct the light to the detector as it emerges from the Wollaston
prism. Since imaging is not required, these ootics can be extremely compact
and low cost. The total optical train for an irc-second resolution instru-
ment can be made to have a total length of les=r than six inches as opposed to
thirty inches for an autocollimator.

In addition, the measurement range of OAMS can be P-'.:-.d to ten de-
grees or more by trading absolute resolution and field of view without sacri-
ficing dynamic response. (An autocollimator has only a very small measurement
range - when this is overcome by the use of moving parts, the overall accuracy
and dynamic response suffers.)

Internal alignment tolerances are virtually non-existent compared to an
autocollimator. The absence of moving parts may increase reliability and re-
sistance to vibration and shock.

5 O&MS is a three axis angular motion sensing device whose output signals
indicate the relative angular displacement between its two main parts, trans-
mitter and receiver. The transmitter emits three beams of polarized modulated

I -
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light, one beam for each of three axes. The receiver converts the light
of each beam into an electrical signal proportional to the angular displace-
ment of its corresponding axis. Tlus roll, pitch, and yaw (reference axis
being the line-of-sight between transmitter and receiver) are constantly
monitored.

OAMS Phase I was development of the preliminary design Phase 0. OAHS
Phase 0 was a conceptual study and preliminary design. The results were
used as a basis for OAKS Phase II which involved the design, development,
fabrication, and testing of a brassboard demonscration model. Documentation
and specifications produced ,rd used in these three Phases were:

Final Report SAMSO-TR-75-120
Final Report SAMSO-TR-73-6
Performance Evaluation

Test Plan CEI No. 73-6..TP
Prime Item Development

Specification CEI No. 73-6 Rev. A
Silicon Photodetector CEI No. 73-6-A Rev. A
Emitting Source

Pitch Channel CEI No. 73-6-B Rev. A
Emitting Source

Yaw Channel CEI No. 73-6-C Rev. A
Emitting Source

Roll Channel CEI No. 73-6-D Rev. A
Angle Sensing Crystal (ASC) CEI No. 73-6-E Rev. A

Other potential areas in -hich the OAMS system may be used are:

a) Transfer reference alignment between guidance platform and
tracking mounts

b) Alignment of communications satellite to earth

c) Alignment while tracking space targets

d) Angular monitoring of space objects

e) Transfer of alignment to mounts external to spacecraft

f) Transfer of alignment between tracker and pointing of high
energy lasers

g) Missile aiming

h) Structure flexure monitoring

1-2



2.0 0B.LCTI VE

2.1 Ceneral

The objective of Phase II was the design of a flight model of the Optical

Angular Motion Sensor (OAMS) to show compliance with its perfolmance require-

ments in the anticipated environments, as set forthin SAMSO Specification 73A6.
The development model was bench tested at Holloman A.F.B.

2#1.1 Goals

The performance goals were a) angular deflection measurement to an accu-
racy of f 2 arc second (3 axis 1 sigma), b) measurement range t 0.25 degree
about Line of Sight (LOS), and c) operation at a distance of 15.2 meters (50
feet).

2.1.2 Engineering Tasks

The following major engineering tasks were performed:

a. Data analysis and evaluation. Analyze data obtained during Phase I
and obtain additional data during Phase II. Evaluate OAMS perform-
ance for short and long term stability.

b. Evaluate the demonstration model design and parametric analysis
documeuted in Phase I Final Report.

c. Conduct design verification/development tests as specified in the
approved test plan.

2.1.3 Perfor.ance Requirements

The following list defines the major performance required for an OAMS
System.

a. Functional characteristics

b. Performance characteristics

1. Measurement range; 5. Saturation characteristics
+ 900 arc sec 6. Response time; 10 hz

2. Calibration 7. Operating distance; 15.2
3. Accuracy meters
4. Output signals; 1.0 mv/ 8. Temperature range; 40-100°F

arc sec

c. Mechanical interface

d. Functional i.:terface

e. Optical interface

f. Volume

•



g. Weight

h. Structure design

i. Nuclear survivability

2.1.4 Cootract Data Requirements List

Documentation required for program

2.1.5 Amendment P0001 - Increase in estimated cost and fixed fee.

2.1.6 Amendment P0002 - Contract change to redesign OAMS flight model.

2.1.7 Amendment ?0003 - Increase incremental funding.

2.1.8 Amendment P0004 - Increase incremental funding.

2.1.9 Amendment P0005 - Increase incremental funding.

2.1.10 Amendment P0006 - Increase funding to cover the ordering of
long lead items.

2.1.11 Amendment P0007 - Increase incremental funding to cover cost

of OAMS test at Holloman AFB, New Mexico.

2.1,12 Amendment POJ08 - Additional funding.

2.1.13 Amendment P0009 - Realign the work effort in accordance with
new schedule.

A summary of the results for each listed item follows:

jLeM 2.1.1: Performance goals ab and c met under all test conditions.

•jj 2.1.2: Engineering tasks completed:

a. Data analysis and evaluation

b. Model design -valuated; parametric analysis documentated,

c. Design verification/development tests conducted.

S2.1.3: Performance Requirements

a. Functional characteristics of the system met the
general requirements of the OAMS system

b. Performance characteristics met pitch, roll and yaw
requirements.

2-2
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The following primary requirements were:

1. heasurement range - The angular range met the goals

of 900 arc seconds in each axis.

2. Calibration - Cal.,bration curves are generally a sine

curve and can be defined by a low order polynomial of

less than six terms.

3. Accuracy - Systematic errors generally met the require-

ments of less than ± 5 arc seconds fo" rotations about

any single axis at the 900 arc seconds range.

4. Ouput signals of the brassboard are adjustable to I my

per arc second.

5. Response time - 10 Hertz requirement was met.

6. Operating distancp - required distance of 50 feet was met,

7. Temperature range - determination of performance throughout

the range 400 - 1000 needs further effort.

8. Mechanical interface - 1o be determined.

9. Functional interface - to be determined.

I0. Optical interface - requirements met.

II. Volume - transmitter and receiver met volumc requirements.

12. WeiSht - transmitter and receiver met weight requirements.

13, Multiple targets - not applicable to Phase II.

14. Structure design - me2chanical and thermal requirements met.

15. Nuclear survivability - Study only. (Appendix L.)

Item 2.1.4: CDRL - All documents submitted.

The reports that were produced during the Phase I contract

were:

General Test Plan (OAMS Brassboard) - CEI No. 73-6-TP, Rev A

Critical Component Test Plans - CEI No. 73-6-CCTP

ConfiSuration Prime Item Development Specificatiot - CET

No. 73-6, Rev A

2-3
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Configuration Item Critical Components Specifications:

Silicon Photodetector - CEI No. 73-6-A, Rev A

Emitting Source - Pitch Channel - CEI No. 73-6-B, Rev A

Emittine Source - Yaw Channel - CEI No. 73-6-B, Rev A

Emitting Source - Roll Chanel - CEI No. 73-6-D, Rev A

Angle Sensing Crystal - CEI No. 73-6-E, Rev A

Final Technical Report - SAMSO TR-75-120

The reports that were produced during the Phase II contract
were:

Optical Angular Motion Sensor Phase II - Final Report,
May 1977.

Critical Design Review April 1977.

OAMS Evaluation After Temperature Testing, November 1976.

Freiiminary Design Review, March 1976.

Ias 2.1.5: Amendment P0001 - Modified the contract to cover ordering the
necoevary long lead items for redesign and rebuild of the brassboard
electronics.

It% 2.1.6: Amendment P0002 - Modified contract to cover effort to be
performed in the design vf t..- OAMS flight model up to the completion of
Critical Design Review (CDR).

m2.1.7: Amendment P0003 - Increased the incremental funding.

S2.1.8: Amendment P0004 - Increased incremental funding to cover
period through. 15 August 1976.

S2.1.9: Amendment P0005 - Increased incremental funding to cover
period through 30 September 1976.

S2.1.]0: Amendf ent P000 6 - Modified contract to cover the ordering
of leg lead time iteas required for fabrication of the qualification and
fligt model; increased funding to cover this additional procurement.

jLU .2.1I: Amendment P0007 - Covered cost of participating in testing
the O00' System at the Central Inertial Guidance Test Facilitv, Holloman
A71, Wctv Heico. Increased allotted incremental funding to cover estimated
peziod through 15 Mlarch 1977. -

2-4
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Item 2.1.12: Amendment P0008 - Provided additional funding for estimated
coverage through 30 November 1976.

Item 2.1.13: Amendment P0009 - Work effort realigned in accordance with
new schedule; Final Report delivery date: 31 May 1977.

2.2 Design

The design areas covered in Phase II were twofold: 1) a redesign of
the Phase I Brassboard into a Phase II Advanced Brassboard suitable for
qualification testing, and 2) the design of a prototype Flight Model.

2.2.1 Advanced Brassboard DesigI

The Advanced Brassboard was a modification of the Phase I Brassboard.
The areas of major redesign consisted of the following:

Transmitter

o LED's - the Phase I LED's were replaced by LED's having a
higher light output.

o Collimating Lenses - the collimating lenses were changed to
accommodate the new LED's and to provide the required field
of view for Phase II. (This change was made only in the
pitch channel for cnmparison purposes).

o Mechanical - mechanical changes were made in component mounting
hardware to accommodate the new LED's and Lenses.

Receiver

So Detectors - the Phase I detectors were replaced by detectors
t having a higher effective responsivity.

o Objective Lenses - new objective lenses were incorporated in
the receiver to accommodate the detectors and the requiredI field of view.

o Mechanical - mechani'al changes were made in the detector and
less mounting hardwaie to accommodate the new components.

Electronics

o Standard Parts - where possible preferred and military standard
partx were used.

o Power Consumption - reduced power consumption was achieved by
"redesign of the power supply and LED driver,. The power con-

* sumption was reduced from 150 to 20 watts.

2-5
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o Operational Amplifiers - the operational amplifiers were replaced
by units having low noise, low output offset, and low output off-
set drift with temperature.

o Packaging - The electronics were repackaged into a smaller volume
and weight confJ.guration. Modular design was incorporatei to
improve maintainability.

2.2.2 Flight Model

The Advanced Brassboard was tested. From the results of the testing
and from additional analysis a design and component specifications were
generated fot a prototype flight model. In addition to the testing of the
Advanced Brassboard the following design and/or analysis was performed.

Transmitter

"o Angle Sensing Crystal - The Angle Sensing Cristal thickness was
changed from 2.0 to 3.0 mm to accommodate the required field of view
of the flight model.

"o Mechanical - mechanical redesign was performed to provide for new
components and flight model configuration.

"o Optical Ray Trace - an optical ray trace was performed on the
transmitter optical design.

Receiver

"o Angle Sensing Crystal - the thickness was changed from 2.0 to 3.0 mm
to provide for the required field of view.

"o Vilters - the roll channel filter was changed from 930 am to 935 -m

to accommodate for a slightly different LED peak wavelength from
the Phase I design.

"o Mechanical - mechanical redesign was performed to provide for new
components and flight model configuration.

"o Optical Ray Trace - an optical ray trace was performed on the

receiver optical design.

Electronics

o Reliability - "S" level failure rate components were chosen if
available from manufacturer,. lýn "s" level components were selected
for the lowest failure rate ivanutactured.

6 Packaging - the electronics were repackaged to meet the size and
maintainability requirements in Prime Item Spec, CI lNo. 73-6,
Rev. A.

2-6
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o Power Supply the power supply was optimized for system
efficiency.

2.3 SummaUrjof Resu.ts

2.3.1 Summary of Phase 0

In the initial phase of the OAMS Program, concepts that could be
used for angular measurement were identified and evaluated. A concept
making use of the polarized nature of radiation and the interaction of
polarized radiation in optical crystals was selected as the OAMS concept.
The feasibility of the concept was proven analytically and demonstrated
experimentally in the laboratory. A preliminary design of an angular
measurement system based upon the polarization . "-cept was accomplished.
The preliminary design included the generation of optical, mechanical
and electrical drawings.

2.3.2 Summary of Phase I

A brassboard GAMS system was fabricated and tested to evaluate the
capability of achieving the required goals. The feasibility of using
polarization and birefringent crystals for precision angular measurement
was demonstrated. The brassboard demonstrated that relative angular motion
in roll, pitch and yaw could be measured to an accuracy of better than five
arc seconds.

The test results of the brassboard were generally within the prototype
requirements. Translation errors were greater than expected. An analysis
of this problem resulted in a redesign of the LED control loop to compensate
for the variations in the energy profile of the LEDs while moving across
the field of view. The new LED control loop vas installed in the brassboard.

The signal to noise ratio of the roll channel was higher than expected due
to decreased light levels. At 25 feet the resolution was below requirements but

at 10 feet they were satisfactory. The internal optical system was degrad-
ed due to components variation from specifications. This situation was
corrected dtiring the program extension.

The Light Emitting Diodes in the pitch and yaw channels degraded
during tests and in the brassboard tests. They were unsatisfactory for
flight hardware and were replaced by another type of LED.

2.3.3 Summ.ry of Phase II

All the components that will ot, used in the flight model were
purchased and assembled into an advanced brassboard model (only the relia-
bility level will be better for the flight models, cost and delivery time
were the reason for this level of components in the advanced brassboard
model).

2-7
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The transmitter head in an advanced brassboard configuration is
complete. This includes components that will be used in the flight model.
Due to funding and time limitations only the pitch channel in the advanced
brassboard transmitter head was completely changed to the flight model de-
sign. Assembly and detail drawings are available for this configuration.
The flight model design is a particular back mounting configuration and is
shown in general assembly drawings.

The receiver head in an advanced brassboard configuration is complete.
This includes components that will be used in the flight model. Assembly
and detail drawings are available for this configuration. The flight mddel
design is a particular back mounting configuration and is shown in geneial
assembly drawings.

The electronics unit in an advanced brassboard configuration is com-
plete. This includes components that will be used in the flight model.
Assembly and detail drawings are available for this configuration. This
configuration uses all the electronics components that will be used in the
flight model but no flight model packaging was considered in the advanced
brassboard design; also, a test panel unit is incorporated in this unit.
Schematic, circuit and wiring diagrams are available and included on these are
general circuit board layouts. The flight model design is a particular
wounting configuration and is shown in general assembly drawings showing
printed circuit board positions and board component sensity layouts.
Schematic ci.-cuit and wiring diagrams are drawn for the flight model design,
this also includes a test panel unit.
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2.4.1 Applicable Documents

The following documents were applicable to the OAMS Phase II program

to the extent specified in, the column entitled "Tailored Application".

Document No. Title Tailored Application

MIL-STD-1543 Reliability Program Para 4.0, 4.1, 4.3
Re-1'-irements for Space 4.5, 4.5.1, 4.5.2, 4.6,
and Missile Systems 5.1, 5.2.1, 5.2.3, 5.3,

5.4.1, and 5.4.2

MIL-STD-1521 Technical Reiiews and Audits Appen C, 30.2, 30.3,
for Systems Equipmeuit and 30.4, 30.8, 30.9, 30.12,
Computer Programs 30.18

MIL-I-45208A Inspection System ALL
16 Sep 63 Requirements

"SAMSO Specifi- Prime Item Development ALL
cation No. 73-6 Specification for an Opti-
31 Dec 72 cal Angular Motion CEI

Part I

SAMSO Specifi- Specification for an Opti- ALL
cation No. 73-6 cal Angular Motion CEI
30 June 75 Part I

k SAMSO STD 73-2C SAMSO Electronic Parts To suit OAMS requirements
2 Sept 1975 Standard per modificetion P00006 to

I contract.

4
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2.4.2 Reference Documents for OAMS Phase II

Document No. Date

MIL-E-8983A 30 Nov. 71 Electronic Equipment Aerospace
Extended Space Environment,
General Specification for

MIL-Q-9858A 16 No,,. 63 Quality Program Requirements

USAF Specifica- 3 Nov. 59 Control of Non-conforming
tion Bulletin 515 Supplies

SAMSO CEI Spec. 31 Dec. 72 Prime Item Development Specification
73-6 for en Opt2.cal Angular Motion Sensor

MIL-STD-891A 1 June 72 Contractor Part Control and
Standardization Program

MIL-STD-1515 2 Oct. 72 Fasteners Used in the Design and Con-
struction of Aerospace Mechanical Systems

SYGS Exhibit 15 June 70 Nuclear Survivability
10002 Revision I

SAMO-TR-73-6 31 Dec. 72 Optical Angular Motion Sensor
Concopt Definition and Preliminary
Design Phase

Test Plan No. 31 Dec. 72 Performance Evaluation Test Plan
73-6-TP for the Engineering Prototype of

an Optical Angular Motion Sensor

Test Plan No. 15 Mar. 76 General Test Plan for the Engineering
73-6-TP Prototype of an Optical Angular Motion
Revision A Sensor.

SAMSO-TR-75-120 30 Apr. 75 Optical Angular Motion Sensor
Phase I Final Report

Test Plan No. 15 Sep. 76 Performance Evaluation Test Plan for
EO-76, TR-l the Brassboard of an Optical Angular

Motion Sensor

Test Plan No 15 Nov. 76 Optical Component Performance
30-76 TP-2 Evaluation Test Plan for a Brassbcard

of an Optical Angular Motion Sensor

2-10
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3.0 POLARIZATION TECHNIQUES

3.1 Polarization

Polarization is a property which defines the transverse nature of
light electric waves. Fully polarized light is characterized by orienta-
tion of all the electric wave transverse planes in one direction. Un-
polarized light is characterized by the transverse plane orientation being
equally distributed in all directions. Partially polarized light is a
combination of the two conditions.

Light or radiation is not fully definied until its Stokes parameters
are known. In 1852 G. G. Stokes defined four unique characteristics of
light which fully describe its intensity and polarization components. The
parameters are generally illustrated by the following vector referred to
as the Stokes Vector.

so

S1

S2

S3

where S - intensity of light (polarized and unpolarized)

S1  horizontal'vertical) plane preference

S 45 degree/(-45 degree) plane, preference
"2

S 3 right/(left) hand cir,.-ular preference

These are the unique characteristics of polarized light that c".n
be separated, identified and measured.

Each Stokes parameter has the dimension of intensity and applies to
polarized light when treated as a quasi-monochromatic wave. Super position
techniques are used for wide optical bands not meeting the quasi-mono
chroatcic condition by dividing it into a number of quasi.mcnochromatic
wavelength bands. The parameter So represents the total intensity. The

parameter S1 is equal to the excess in intensity of light transmitted by
a polarizer that accepts linear polarization in the azimuth 0 - 0 degrees
over the light transmitted by a polarizer that accepts linear polarization
in the azimuth # - 90 degrees.

The parameter S2 bas a similar interpretation with respect to the
azimuths 0 - 45 degrees and -- 135 degrees. Finally, the parameter S3
is equal to the excess in intensity of light transmitted by a device
that accepts right-handed circular polarization over the light transmitted
by a device that accepts lefthanded circular polarization. A positive

3-1
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Stokes parameter value indicates a horizontal, 45 degree, or right circular
preference, whereaa a negative value indicates its orthogonal component;
that is, vertical, -45 degrees, or left circular preference.

The Stokes vector, in iddition to dufining p3lari.ed light character-
istics also provides a useful tool for systematic analysis of polarized
light. Through the use of Mueller matrices for polarized optical elements
such as quarter-wave plates, polarizers, modulators, Wollastons and ana-
logous components it is possible to predict the resultant polarized light
characteristics after passing through a series of these elements.
Reference 2.

TechniQues

Numerous polarization systems have been designed and built for
measuring angles by rm1eans of measuring chunging polarizacion parameters
such as phase relationship.

The first phase of this study was the review of known polarization
systc-s for adaptability to spacecraft requirements as outlined in the QAMS
technical requirements for performance and design.

Earlier programs had utilized several modulation techniques which
included rotating polarizers, oscillating crystals, Kerr cells, light
choppers, electro-optical light modulators (EOLM), scanners, and source
modulation.

Of this group, both the EOI.M and source modulation have several
advantages for use in OAMS system as such devices are static (non-moving).
The polarization modulation technique can be demodulated with synchronous
detection techniques offering excellent, narrow band, signal-tc-noise
characteristics. A disadvantage associated with the EOLM concept is the
high operating voltage of the device. Modulation, of the source with either
continuous wave (CW) or pulses offers a low voltage system but results in
more complex data handling subsystems.

A new system was developed which combines 2 LED sources multiplexed

into a single modulated polarized light beam. This accomplished the ad-
vantages of the EOLM and low voltage modulation requirements of a space-
craft.

The next requirement was the projection of a polarized light beam
from the transmitter with a defined polarization signature which will not
changoe unless birefringence is introduced. This was accomplished by the
use of birefringent crystals which establish and maintain the polarization
claracteristics as a function of the angular relationship of the light to
the crystals.
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3.2 Roll Axis

In the case of roll measurement about the LOS, the transmitter Wollas-
ton prism passes two orthogonal plane-polarized beams of light (one plane
assocated with each LED) which are oriented in a fixed manner to the trans-
mitter body. The receiver Wollaston prism (which is rotated about its
axis 45 degrees to the transmitter prism) splits each polarized LED beams
into two orthogonal wmponents the': fall onto two separate detectors. At
zero roll angle, both components of each LED are equal and the difference
in the output of the two detectors is zero. For non-zero roll angle, the
light from each LED is not equally distributed to the detectors and the
difference is a measure of the roll angle.

A translation of the receiver across the transmitter beam should
not be sensed, since the orientation of the polarization from each LED is
uniform across the beam, and is not affected by translation. Separation
of the signals ir the three channels is achieved by using LEDs of three
different output wavelengths (permitting use of optical bandpass filters)
and by using three electrical modulation frequencies (one per channel) to
drive the LEDs, permitting electrical filtering. The Roll channel LED
wavelength is 935 rm and its modulation frequency is 925 hz.

3.3 Lateral Axis

In the case of pitch and yaw axis sensing, polarization angle measur-
ing techniques have been developed by Chrsler. Earh axis is sensed in
an identical manner, thus the description to follow aprli.s to both. The
primary optics of the transmitter consist of a Wollaston prism, quarter-
wave plate and an ASC. The receiver optics consist of a matching ASC,
Wollaston prism and filter. The ASC waF developed to introduce optical
(polarization) phase shift between the ordinary ane extraordinary rays
as a function of the entrance of light. The ASC is composed of two iden-
tical birefringent crystals with the optical axis oriented at 450 to the
surface of the ,stal. The two crystals are turned at 900 to each other
so that the extraordinary and ordinary rays of the polarized light passing
through the first crystal are transposed in the second crystal as shown
in Figure 3-1.

A zero optical phase shift between the e- and o-rays will occur for
light perpendicular to the surface of the crystal. But for light not per-
pendicular, the phase retardation ef the polarized light leaving the crys-

j tal will change as a function of the entrance angle. The crystals have
one sensitive axis and one insensitive axis. The sensitivity of the angle
sens ng crystal is a function of Lhe crystal line material and its thick-
hess (see Ref. 3).

The quarter-wave plate positioned betwee-. the transmitter Wollaston
and ASC converts the diverging orthogonally polarized beams from the
two LEDs to circularly polarized beams, one left-handed and one right-
handed. As the diverging beams traverse the transmitter ASC, the circularly

:
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polarized beams become elliptically polarized, the degree of ellipticity
being a function of the angle of the beim with the ASC surface. The ASC
in the receiver is reversed in orientation (i.e. backwards) to that in
the transmitter, and as long as the two ASCs are parallel, the ellipticity
introduced by the transmitter ASC is cancelled by the receiver ASC, result-
ing in circularly polarized beams. This featLre permits lateral transla-
tion without affecting pitch or yaw measurements. When the circularly
polarized besms are split by the Wollaston prism, the two detectors receive
equal irradiance from each LED and the difference is zero, indicating zero
pitch (or yaw) angle. When the face of the receiver ASC is not parallel
to the face of the transmitter ASC, the resulting beams on the receiver
Wollastoni prism are elliptically polarized (rather than circular) Cnd the
two detectors are given unequal amounts of irradiance from each LED, with
the difference being inlicative of the pitch (or yaw) angle. The pitch
and yaw channel sensitive axes are orthogonal and signal separation is
accomplished by light sources of different wavelengths (810 nm - pitch
and 850 nm - yaw). This separation is enhanced by the use of optical fil-
tering and by driving the light source at different frequencies (one octave
separation).

!
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4.0 RECOMENDED CONCEPT

The present Advanced Brassboard design and subsequent recommended
flight model are a derivative of tlree stages of study/work effo::t.

The first stage called OAMS Phase 0 investigated various concepts for

OAMS applications that would meet the program requirements. Thi. in-

vestigation considered the latest state-of-the-art components in the

evaluation effort to determine their feasibility in OAMS use. During

the latter portion of this effort, a single channel breadboard of tlhe

recommended concept was assembled to demonstrate its feasibility.

The recommended concept from Phase 0 consisted of three channels

used in measuring angular movements in pitch, roll and yaw. Basic to

the system is the generation of plane polarized light snd to operate

optically and electronically on this light to extract the desired an-

gular information. Physically the OAMS is made up of three ,nits,
namely a transmitter, receiver and the electronics for processing pur-

poses. Each channel, at the transmitter, uses two LEDs that are elec-

trically driven in a manner where the emitted light is amplitude modu-
lated at a frequency with one octave separation betwecn channels. In

addition, each LED pair is chosen to emit light at a distinct wavelength.
With frequency and wavelength separation, plus the use of a narrow band-

width optical filter (selected for each channel) at the receiver, cross

axis interference from the signal sources is negligible.

Common to all channels at the transmitter is the focusing lens and

a Wollaston prism. This configuration describes the roll transmitter
channel. A quarter-wave plate and an ASC are the additional optics re-
quired for each of the pitch and yaw channels.

The receiver unit is -:ithin the cone of light projected by each
channel. Th- unit contains three distinct polarization sensing assem-

blies. The pitch and yaw channel assemblies are each composed of an

ASC (m.,tWed to the transmiter ASC), a Wollaston prism, optical filter,

focusing lens and two detectors. The roll assembly is similar but does

met contain the ASC.

The electronic unit takes tht: difference of the a.c. signal from

the detector pair and in conjunction with the d.c. sum signal operator
or the differential signal as an Automatic Gaiv Control (AGC). The AGC

adjusts the differential signal to compensate for varying light level
changes. A LED control loop is employed to balance the light output of
the two LEDs.I

OA14S Phase I implemented the concept described in "Phase 0" with
a brassboard design. As a result of tests on this design, several im-

provements were recomended towards the latter portion of this phase.

These improvements consist of 1) high light output and longer life LEDs,
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2) improved LED control loop, 2) larger active area and higher rc spon-
sivity detectors, and 4) improved circuit design. In Phase II, the
recommended design changes of Phase I were incorporated in a new ad-
vanced brassboard design. Tests made on this latest design indicated
areas of additional design improvements and optical adjustment method-
ology for the present recommended flight model design.

"I
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PARAMETRIC ANALYSIS NOME.•CLATURE

AO Op Imp open loop gain; volt/volt

Agc Transconductance of CONT LED drive amp; mhos

An nth signal peak amplitude; mv

Arh Horizontal detector/pre-amp transresistance' ohms

Arc Transresistance of CONT LED light path; ohms

Arc Transresistance of REF LED light path; ohms

Arv Vert-cal detector/pre-amp transresistance; ohms

ASCR RCVR Angle sensing crystal operator

ASCr )XMR angle sensing crystal operator

Avc Voltage gain of detector/pre-amp circuit; volt/volt

Avn Noise voltage gain of detector/pre-amp circuit; volt/volt

I/a Lead/lag network attenuation factor

Bn nh signal peak amplitude (mv);I Noise bandvidth (hz)

i bc, br Factor used to account for LMD inefficiency and light
attenuation

C Abbreviation for cosine term

Cj Detector junction capacitance; pf

f Bypass capacitance; 1f

ec Control signal time-varying voltage; mv

ed Differential time-varying voltage; mv

eH Detector/pre.amp ineatax,-aneous voltage; mv

e. Op amp thermal spot voltage noi%;e; nv/(hz)½

!enf Feedback resistor thermal voltage noise; pv/(hz)ý

I i *
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erme b;etector/pre amp thermal voltage noise; yv/(hz)'2

Ceo OscIllator time-varying voltage; volts

enos System output thermal voltage noise; my rms

eo Processing branch time-varying voltage; mv

eo Processing branch time-varying full-wave voltage; mv

"eS Sum instantaneous voltage (my);

Square wave time-varying voltage (volts)

"ev Detector/pre amp instantaneous voltage; mv

ft ih frequency; hz

fn 10 hz filter corner frequency; hz

fo Op amp 1st break frequency; hz

G(s) Forward loop gain; volt/volt

Gc IO0NT amp gain; volt/volt

Gd Differential gain; volt/volt

Gf AGC 10 hz filter gain; volt/volt

Gm (X)IIT loop SYNCH DEMOD gain; volt/volt

Go Sum gain; volt/volt

Gx PLC divider gain; volt/volt

H(s) Feedback loop gain; volt/volt

Ib Background light dc current component; ma

Ic C()NT LED dc current; ma

Ir REF LED dc current; ma

ic O)D4r LED instantaneous current; ma

ie U•Dr LED time-varying current; ma

idh Horizontal detector instantaneous current; pa

t dv Vertical detector instantaneous currsnt; Pa

---i

- --- --

S =' • ---- • --• -• • ": - 4 -" -- " " -.- r- . . - -• ' -- = - I _ _ i l -, , - . .. -.... . -- -



in Op amp thermal spot current noise; pa/(hz)P

inh Horizontal detector thermal spot current noise; pa/(hz)½

iR REF LED instantaneous current; ma

ir REF LED time-varying current; ma

Jc CONT LED irradiance; w/cm2

Jd Irradiance at RCVR, w/cm2

Irradiance at horizontal detector; w/cm2

Jdv Irradiance at vertical detector; w/cm2

JR REF LED irradiance; w/cm2

it Irradiance at 24TR; w/cm2

K Angular multiplying factor (arc sec./rad);
Total loop gain (volt/volt)
Degrees Kelvin

k Optical angular gain;

Boltzmann's constant = 1.374 x 10-23 joules/°K

mc CONT LED Modulation index

mr REF LED Modulation indexI
P(W) General linear polarizer operator

p Lead/lag pole radian frequency; radj'sec

0 Quarter-wave plate operator

Rd Damping resistor; ohms

Rf Feedback resistor; ohms

Ri ith resistor; ohms

Rj Detector junction resistance; ohms

Rp Op amp circuit input bias resistor; ohms

Rs Detector series resistance; ohms

Rah Responsivity of horizontal detector; amp/v

5-3
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Rsv Responsivity of vertical detector; amp/w

S Abbreviation for sine terms

s Laplace operator

Stokes vector unpolarized light (REF or CONT) operator

S Stokes vector operator

T Temperature, OK

T(Or) Roll matrix operator

t Trime

u Relative ratio of CONT to REF LED a.c. light signal

Vc Control voltage;

Divider denominatot dc input voltage; volts

Vcos Control dc voltage offset; volts

Vo System output voltage; mv

Vs Sum dc voltage; volts

VXos DC voltage offset at ACC divider denominator; mv

Vx Divider denominator dc voltage; voltr

Vy C-,ONr divider or AGC divider instantaneous output voltage; volts

Vz  cOONT divider or AGC divider instantaneous numerator input
voltage; volts

WR RCVR Wollaston prim operator

WT XNR Wollaston prim operator

i Mean of noise data; mv

xi iith noise db=a; mv

Jlad/lag network zero; rad/sec

a ASC T incident angle; arc sec.

Roll Channel nonorthogonality angular displacement; deg.

5-4
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ac Phase shift in cONT LED driver circuit ; deg.

Dimping factor of horizontal detector/pre amp

an Damping factor of 10 hz filter

Ctr Phase shift in tEF LED driver circuit

Ev Damping factor of vertical detector/pre -vnp

10 ASCR incident angle "deg.)

Voltage feedback ratio of op amp circuit (volt/volt)

AJ Irradiance difference of CONT and REF LED; w/cm2

Sn Damping ratio of 10 hz filter

Damping ratio of detector/pre amp circuit

C Detector/pre amp phase shift; deg.

B Generalized rotational angle; arc sec.

Bc Total phase shift at 00!'. loop SYNCH DEMOD; deg.

a p Total phase shift at processing SYNCH DEMOD; deg.

Or Roll anigular movement; arc sec.

AJ AJ multiplied by sinfr or cosfr; w/cm2

WcT polarization plane angle assigned to CONT LED; deg.

fh WR polarization plane angle assigned to horizontal detector; deg.

fr WT polarization plane angl.e assigned to REF LED; deg.

4v WR polarization plane angle assigned to vertical detector; deg.

Z Sum

Irradiance sum of OONT and REF LED; w/cm2

System noise standard deviation; my rms

j Control loop phase shift; deg.

0+ Phase angle due to CONT and REF LED driver circuit reflected
in processing path; deg.
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" Phase angle due to ONr and REF LEOI driver circuit reflected

in control loop; deg.

-a Op amp phase shift; deg.

OaA Differential circuit phase shift; deg.

0,*V Sum circuit phase shift; deg.

0l1 Difference of fr and fh; deg.

02 Sum of fr and fh; deg.

* Generalized phase shift; deg.

w CGerferalized radian frequency; rad/sec.

(On Horizontal detector/pre-amp natural radian frequency; rad/sec

00o Op amp 1st break radian frequency; rad/sec

(On Control loop 10 hz filter natural radian frequency; rad/sec

Vertical detector/pre-amp natural radian frequency; rad/sec

vI
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5.0 PAR*IETRIC ANALYSIZ

This section summarizes pertinent findings where some are salient and
others rot so obvious without some detail analysis. The usual pattern followed
here is to present the analysis along with assumptions and rationale and then
confirm the results by actual laboratory measurements or comments on our ex-
perience while working with OAMS. The subjects discussed are: I) the optical
model development for the lateral and roll channels along with analysis of the
effect of Wollaston nonorthogonality, 2) the control loop analysis and 3) the
detector/pre amp circuit analysis and special requirements necessary to main-
tain system electrical noise to a minir.um.

5.1 System Equations

The system equations presented here are an outgrowth of the analysis des-
cribed in the OA1S Phase I report. Modifications are made to reflect our deeper
understanding, based upon many hours of experimentation with OAMS, of the sys-
tem operation and peculiarities. The intent is not to replace previous deri-
vations, but to update the models, where required, in order to bring to light
a fuller understanding of the operating features of OAMS.

The optical model development starts with the application of the Mueller
matrices that describe the behavior of polarized and unpolarized light irradi-
ance through various optical elements used in OAMS. Of course the OAMS concept
ia keyed upon the premise of optical paraxial characteristics, a key require-
ment in 0*43 applications. Using a similar approach, but under a separate sub-
section, equations relating the effects of Wollaston prixm nonorthogonality
are developed.

Following the optical model development, the rationale and required alge-
bra are developed to interlink the electrical signal equations with that of
the optics to form one composite mathematical model. Interpretation of the
system equations is presented for each case. The model is not general since
to incorporate every feature greatly increases the complexity of an already
ccmplex model and muddles our perception of the importance of that one key
parameter that governs a particular aspect of OAMS operation.

5.1.1 Optical/Electrical Model Development

The objective of OAMS is to accurately measure (within 9 arc seconds)
the relative angular movements in pitch, roll and yaw, over a ± 15 arc minute
range, between a transmitter (XKTR) and a receiver (RCVR) separated by a ois-
tance of 15.2 m. Signal separation enhancement for each channel is attained
by assigning each channel a particular spectral wave length and electrical
frequency. The unpolarized light source for each channel is derived from two
light-emitting- diodes (LEDs•; ne called Reference (REF LED) and the other
Control (CDOW LED). The LEDs are chosen to emit light about a center spectral
wavelength of about 810 nm for pitch, 935 nm for roll and 850 nm for yaw. The
optical bandwidth (BW) for each channel is further modified by sn ovtical fil-
ter located in the, RCVR. The a.c. light intensity for each channel is elec-

trically modulated at 925 hz for roll, 1850 hz for yaw and 3700 hz for pitch.
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The equations, describing the irradiance at the two detector surfaces
for the lateral channels (pitch and yaw) will be derived first. Following
the derivation of the roll irradiance equations, tne technique for coupling
the optical and electronics into one composite system equation will be pre-
sented along with our interpretations.

5.1.1.1 Lateral Channels

OAMS lateral channel optics for analysis purposes (Figure 5-1) is
divided into two sections, namely, the transmitter and receiver optics.
The transmitter optics consist of two LEDs, Wollaston prism (W), quarter-
wave plate (Q), and angle sensing crystal (ASCr). Each LED is electrically
driven by a d.c. and a.c. component. The composite is an amplitude modu-
lated light signal with the REF LED a.c. term driven 1800 out-of-phase from
that of the CONT LED. The resulting unpolarized light, from each LED, is
fed thru an objejtive lens (not shown) for collimation purposes. The trans-
mitter Wollaston prism (WT) is reversed fed whereby the constituent LED
light is imparted along the prism's e-ray or o-ray path. Wollaston devia-
tion angle between the two beams is determined by the prism's wedge angle.
(Note that REF or CONT LED position with respect to e- or o-ray path is of
no concern since the OAMS angular polarity is controlled electronically by
the synchronous demodulator (SYNCH DEMOD) circuitry).

Light output from WT consists of a usable beam with one-half of the
total LED irradiance, and the rejected beam with the other one-half is de-
viated away from the system's central axis. The quarter-wave plate con-
verts the usable beam into a right- or left-handed circular beam. It
should be noted, at this point, that the beam entering Q consists of two
components - one vertical (OMT LED) and the other horizontal (REF LED,.
Assignment of the ODNT and REF LEDs to these planes for analysis purposes
is arbitrary and will only involve a polarity change should our assumption

MTR RCVR

REF LED ,, ... . .

.JPj ray

LED -C M ~ I
----------------------- - -DET

Figure 5-1. Lateral Axis Optics Schematic

be incorrect. As the dive:ging beams traverse ASOr, the circularly polar-
ized beamb become elliptically polarized, the degree of ellipticity being
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a function of the angle of the beam with the surface of ASCT. ASCR
is reversed in orientation (i.e. backwards) to ASCrT and as long as the
two ASCs are parallel, the ellipticity introduced by ASCT is cancelled
by ASCR, resulting in circularly polarized beams. This feature permits
lateral translation without affecting pitch or yaw measurements. The
beam enters WR in the forward direction and the resulting output consists
of two beams, one horizontal and the other vertical, that are sensed by
the horizontal and vertical detectors. Following WR an optical filter i3
used to narrow the BW to 32 run for pitch and 30 nm for yaw. Also, not
shown on the diagram is the plano-convex lens that focuses the beam to
the detectors.

Analysis of the pitch and yaw channels is identical with the exception
that their sensitive axes are orthogonal. The sensitive axis for pitch at
the XMTR is vertical while for yaw it is (orthogonal to that of pitch)
horizontal. Employing the Muller matrices listed in Table 5-1 and the Stokes
vectors of Table 5-2, the irradiance at the transmitter aperture and at the
detectors is shown in operator form by Eq. (5-1) and (5-2).

Jt = ASCT(a,0 0 ) Q(450 ) S(0 0 ,90 0 ) (5-1)

Jd = WR(O°900) ASCR(B a1800) T(Gr) Jt (5-2)

SWR (00,900) ASCR(I ,1800) T( r) ASCT(a ,0) Q(45 ) 9(00,900)

Equation (5-2) is an exceedingly compact description of incident irradi-
ance at the detector surfaces and a few clarifying words are in order. When
expanding this equation, it must be remembered that matrices do not commute;
therefore they must be applied in the proper order. Other keypoints about the
equation and the matrix/vector elements are:

a. Stoke vector, 9(0°,900) says the irradiance output from WT is
composed of two orthogoral beams, one at zero degrees and the
other at 90 degrees (see ref. I and 2). In all cases the beams
are referenced to WT and are always orthogonal (in the ideal
case).

b. The quarter-wave plate's fast axis (FA) was positioned at + 450
rather than - 450 from the zero reference axis. This is an
arbitrary choice for OAMS and could have been just as well posi-
tioned at -4450 without any degradation of system output.

c. ASG1. and ASCR must be positioned in a complementary mode in
order for the incident angles'to subtract.

d. The operator T(Or) represents the roll geometrical relationship
between the Poincare' sphere (see ref. 2) and the Stokes vector. It
represents the effect of the system roll on the polarization state of
the beam and can be represented by a matrix very much like thosL used
in the rotation of coordinate syste•ms (right-handedness for this
case) in cartesian geometry.

JI
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Table 5-I. Mueller Matrices

Linear Optical Elements Mueller Matrices
and Operator Notations

".allaston prism F o- 0 0]
W (00,900) 1 /2. -I I 0

R 0°) !0 0 0

"+ 00) 0 0WR~~) - _ 900) __ _

Angle Sensing Crystal ~1 0 0 0

ASCR( 8 1800) 0CkB Sk

00 1 0

L Ske 0 k

000

ASC (a,00) [(I Ckct 0 0k
T o0 0 10

Quarter-wave plate 0 0 0]

Q(450 ) / 0 0 -
00 1 0. ;So ol

[0 1 0 oj

S0 0 01
Q(-450) 10 0 0 11

0 1 0O
0 -1 0 01

Roll rotation transformation f0 0 01
0 2  _S20r 00 C2r r

T(Or) $S2r C2@r 0

Gener~al linear polarizer CS 24 0

1/2 • C .2 0
2& C2fS2f S~e

S0 0 0
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Table 5-2. Stokes Vectors

POLARIZATION STATE VECTORS

Lateral axes WT output F J

1/2,7(0,90°) . O

: 0'L

Roll axes WT output [ j
0

1/2S•~~~(-45°) '

LED unpolarized light
(i r or c)

I0

I i

Generalized for lateral r Z J]
channel Ur output

(1/2 j

S( Er' tc A A
L o]

Generalized for roll E Jj
= channel WT output J

1/2'1
A ji

k C
L*~ '



C. Since ý(0°, 900) is a column vector the resulting composition of

Jd is also a column vector. The first term (first row) of the

resulting column vector is the incident irradiance and the other

terms describe the polarization state of the beam.

Substitution of the appropriatc matrices for the operators shtown in

Eq. (5-2) and performing the indicated multiplication, the following irra-
diance equation is derived:

Jd J + (1) A J(Cka S k -C2OrSka Cke) (5-3a)

Pleasc note that the terms C and S are short hand notation for cosine
and sine, respectively. Substitution of the trigonometric identity

S(,k-) -- kckP - rk ,SkP

into Eq. (5-3a' yields,

Jd = ;' ( I: - A J(S k(a.B )-Ska Ck (-C2e9)r (5-3b)

Assumption No. 1 -

The third term in Eq. (5-3b) is much smaller than the second

term. This is particularly true for 0 's of 1800 arc second
or less, plus the product of SkCkp will further diminish the

third term.

Therefore, the irradiance at the horizontal and vertical detector surfaces
is:

3 dh = .YJ - AJSk( _3)) (5-4a)

Jdv j( J+ &iJSk(ut.)) (5-4b)

Assumption No. 2 -

Lateral and roll channel optics are essutmed ideal; detectors are

aligned properly.

5.1.1.2 Roll Clannel

OArlS coll channel optics for analysis purposes is shown in Figure 5-2.

In a similar way as that of the lateral channels, the objective lens at
the XMTr and RCVR focusing lens are not shown.

Unlike the latcral chdnnels the Wollaston prism WT is rotated + 450
and the polarization planes are thus positioned as illustrated. The Stokes
vector representation for t,o planes is defined in Table 3-2.
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The irradiance at the detector surface is shown in operator form by
Eq. (5-5). Substituting the appropriate matrices in Eq. (5-5) and perform-
ing the 'indicated multiplication yields Eq. (5-6).

Jd WR(0,90°)T(9r)§(+ 450) (5-5)

REF I CONT
LED -- LED

X)IMR -- RCVR

-REF LED - - H DET.
FARONT VIEW -LOOKING AT XNTR 7

S. ... _ P K e-ray

WT I I WR FLT
CONT LED I V-DET.

Figure 5-2. Roll Axis Optics Schematic

Jd " (() AJS29r) (5-6)
tr

The resulting irradiance at the horizontal and vertical detector
surfaces are:

(5-7 a)Jdh E( EJ - AJ S2(-

S3 dv=(yJ + AJ S2 ) (5-7b)

V r

Equations (5-4) and (5-7) are similar with the exception of the rota-
tional angles. If we substitute 9 for ( a-P ) and 9r and letting k - 2 in
the roll equations, a standard irradiance equation for the lateral and
roll channels is established. Therefore, succeeding analysis can be per-
formed with this gereralization in mind.

5.1.1.3 Coupling of Opties and Electronics

With the developmcnt of the irradiance equationis we can now commence
with the detailed portion of the analysis. The P•xt stat is to expand
SUM J and DELTA 3 terms of the Stokes vector, uhich are functions of LED

intensities, in a manner that will include all pertinent electricel par&-
meters. Once this is accomplished, these terms are substituted into the

5-13
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horizontal and vertical detector irradiance equations where grouping of the

a.c. and d.c. components occur. The irradiarce terms are then converted rc

electrical terminology whereby the OAMS electronic processing techniques
are introduced and a composite set of system equation. emerges.

J= JC + JR (5-8)

j jR - j (5-9)J R JC

Note that Eq. (5-9) implies the LED preferential plane, that is, vertical

and horizontal for the lateral channels or - 450 for the roll channel,

REF and CONT LED electrical drive signals are defined as:

i . = Ir - rS(wt- .r) (5-10)

ic -c +iS Wt1) (5-11)

To convert these current terms to irradi ance required our multiplying
Eq. (5-10) and (5-11) by a suitable nonlinear conversion factor. A lineac

approximation will be used to account for LED efficiency and intensity losi
of the beam during transit through the various optical elements and space.
Therefore, Jc and JR will be approximated by

C = b c(Ic + ic S( Wt- oc)) (5-12)

JR - br(Ir - ir S(ot" ar)) (5-13)

The current-to-optical intensity characteristic of the LED is nonlinear
and due to ae nonlinearity harmvnic terms are present in the OAS procesbing
circuitry. Spectral measuremencs were recorded in the pitch channel (Brass-
board No. 2) and the data indicatzd the presence of both higher and lower har-
monic terms. The even harimonic rerms are filtered out by the SYNC DEMOD cir-
cuit while a small a.c. signal proportional to the odd harmonic terms are al-
lowp 0-hrough, but their magnitudes were measured to be cnstent over the ambi-
ent -.) 37.8 0 C (1O0°F) temrerature. The d.c. intensity terms due to these fre-
quencies cannot be removed and are an integral part of the total d.c. light
level intensities., We do know that the composite dCc, term c~onstitutes a small
per cent of the tetal light intensity and siuice it is relatively constant, its
effect on OAMS is sinimal. This rationale will be made clearer later in the
anelysis, Also, lipboratory tests indicate that normal room lighting (floures-

S.nt derivative) has no noticeable effect4zm OAKS system output. However, an
incandescent light will have an e(fect since a certain proportion of this
light has spectral wavelength within that of an OAMS filter bandwidth. This form
of buckgrotind lighting would introduce a d.c. term in the processing circuitry
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and thus cause scaling errors in the angular measurement. OAiS operation
in such an cxtvirontpent %.-uld of course require some form of shading and
baffle apparatus to prevent direct lighting of the RCVR apertures. In
the interest of simplification in the derivation we shall ignore this d.c.
term and in the final equatcion introduce a term at the appropriate point
that will account for itis effect.

Assump.ion No. 3 -

Even harmonic terms are eliminated by the SYNC DEMOD
circuitry.

Substitution of Eqs. (5-12) and (3-13) into (5-8) and (5-9) yields,

EJ = bclc + br Ir 4 hc ic S(wt-a -)- bri -S(wt-ur) (5-1IN

AJ = brtr - bc Ic -(br 1r S(Wt-ar)+ bcicS(wt- c)) (5-15)

Pluggitfg in Eqs. (5-14) and (5-15) into the horizontal and vertical
detector irradiance equation and letting kQ be the angle of tne sine term
the following set of irradiance equations are derived:

SJdh ( A+ - A7 - a- + a+SkO) (5-16)

dv ( A+4 - a -a4'.9 a (5-17)

dv k@

where

b I( 1+hC _Ic

r r br Ir

bc Ic
A7 brlr( 1 - T-) SkG

r r

+ bbicSi a b brii (Wt ¢)
rr~ ~r~cr rr

bc c

a brr( S(wL-ar)- b• S(Wt-ac V"

r

Please note that the "A" terms correspond to d.c. intencity while "I" terms are
for s.c. intensity. A key point to notice here (not obvious uuzil the later
stages of OAKS development) is that both RP &-id CONT LED drive. sigals are
phase shifted and that the terms a+ and a- are the result of a linear superposi-

tion of two waves of soneitat diferent amplitudes. To expand the sine terms by an
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identity without regrouping t.erms would introduce cosine terms that would
later muddle our interpretati.on. Instead we shall reformulate a+ and a-
into a composite wave of the same frequency as the constituents although
its amplitude and phase are different. Uring the required trigonometric
identities in a+ and a-, grojping sine anJ cosine terms, and then finding
the resultant and total phaseý, the following equatioas were derived.

a+ b rir a0 sin(wt +0 +) (5-181

(1 + u2 + 2 u cos (a.tdr))½ (5-18b)

0+= Lan-l osi.n•c + s'nc-r (5-18c)

\ucos C. + Cosa r)

a- briralsin( t + 0-) (5- 1 9a)

a= (1 + u2 -2 u :os (ac-adr)) (5-19b)

0" tan-l/ u sinsc - cnors| (5-19c)\U CO 3 a - Cosa1

where U",cic /brir > 1.

It is important at this point to observe that u is the ratio of the
OONT LED intensity (as seen by the detector) relative to that of the REF
LED. These intensities are not exacly equal (reason for this will be ex-
plained later) thus O+and 0- are not only functions of phase shifts but
are alsc functions of LED intensities. In addition, w know from mesoure-
ments made on OAMS and on specific electrical components that neither a.
nor ar are zero and that Qc > ar. Th.t ac >a, is generally true., but can-
not be assured in all cases. It will be wuawn later that the terms of
'q. (5-18) are associated with the fcrward path of the processing branch
while the terms of Eq. (5-19) are associated with the LED control loop.
Of particular interest here is a1 which is the term used to describe LED
balancing and 0- the phase angle associated with the control loop. Examin-
ation of #" indicates that it is very sensitive to changes in u, a, and ar.
Also, with u > cosar/cosc% a phase leg condition wiull be maintained by 0
(more on this subject-lateir).

With the irradiance equation in the format described we can now mul-
tiply each equation by a reaaponsivity tek to convert irradiantce to elec-
trical current as shown in the generalized block diagram of Fig. (5-3).

idh Koh Jdh

gsh"
"" (A+ -A7 + a+sk.) (5

iii
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idv 4 dv

R- +Rs\_ (A+ + A- a - a+ Sk) (5-21)
4

The differential output can be obtained by performing the indicated oper-

ation according to Fig. (3-3).

ed " Gd (eH - eV)

eH - Arh idh

eV " Arv idv

ed - Gd (Arh idh - Arv idv) (5-22)

Substituting idh and idv into Eq. (5-22) and dropping the d.c. terms,
since they are blocked by the capacitors, the following expression
for the differential output results.

a GdArhRsh /k ArhRsh ) k

Using a similar rationale for derivation of the sum expression the fol-
lowing group of equations result.

eSW C s(eH + ev)

eS = Gs(Arh idh + Arv idv) ' Vs + ec

V8 GsArhRsh ArvRsv +~~ Arvksv + I 4AV5  ~ *I - - 1 - + li ) ,
4 = ArhRsh j Arh-sh / 1

-- GsArh~sh Arv kG +ArvI~ave ArnRsn' l)a SkS +ArhRsh +

The first term in V. is much smaller than the second term since the result
involves the product of the difference of two terms. The Sk0 in A" further
diminishes this prodlict for small, angles. A similar rationale applies
for the first term in e . Therei ore, these two equations simplify 'to the
approximations listed here.

V. GsArhRsh (ArvRsv .' )h1

+ A+
-T A rhR ab j)

5-18
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CsArlhRsh I ArvRsv + a-

S 4 ArhRsh

Assumption No. 4 -

Phase angle shifts by the horizontal and vertical detector pre-

amp circuitry are approximately the same. Proof verified
later.

Modifying a- to account for the detector/pre-amp circuit phase shift

and substituting into ec yields the following:

GsArhltsh IArvRsv
e G +1)br ir al sin(Ot + ec) (5-24)c 4 \ArhRsh /

where

ec _0 -C,

Returning to Fig. (5-3) we can now calculate

ed

0 x V-

R
.rvsv a

eo G d Gj 7ArhRsh + a8+

a5G Arv 1 \A+ A+ *

-- +1
AhRh /

[ v -1) ,iS(*Wt+4) aSkQS(Wt+ 9)

e r (ArhRah /I+ P (5-25)
Ao~ l) AvR V +1 + iSj&) (+ 4c)c

A = Kh b JArhRsh

where

Mr - (REF LED modulation index)

O p 0 + E

GdGxnd K -. (To be used only if the coefficient of S(,t + 9 p) at

SGsGf detector output is measured in volts).
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Nute that Oc and Op are the amount of lagging phase shift required

to properly synchronize the demodulator circuit. In order to account for

background lighting and harmonic components in the d.c. sum, Eq. (5-25)

can be modified to yield the more general form shown in Eq. (5-26) and

(5-27).

((ArvRsv -1
___K mr •_ArhRsh aS( t+Oc

Kmr -c ~ + I I C aoSk@S((,t4O ) ~ (5-26)
b c lc b &rR ,

bI +i A
rbr r (Arn Rsn

sGsArhRh ArvRsV c1c+ (5-27)
-b 4 ArhRsh + b rIr

Eqs. (5-24), (5-26) and (5-27) are the basic equations describing the OAZMS

system with both the CONT and REF LED on. With the REF LED on and CONlT LED off

Eqs. (5-28, (5-29) and (5-30) describe the system equations.

Km ArvRsv 1

e K r ArhRsh + sin k@ sin (wt- ar -e ) (5-28)e°0 + Ibr)I ArhRsh +1Irrh 
(-28

brir ArhRsh

GsArhRsh ArvRsv I+b
4 VArhRsh ) - brlr/r (

GsArhRsh •ArvRsv + 1) brirsin ( rt-ar-€) (5-30)
ec= 4 ArhR sh r"r

System equation description is incomplete without some mathematical

description of the SYVC DENOD function. Briefly, the SYNC DEHOD consist

of a gating circuit, a differential amplifier circuit and a 10 hz filter

(see Fig. (5-4)). The signal

SYNC DEMOD

C! GATE + 10 HZ
eo(t) CKT. FILTER ..

e (t)

Figure 5-4. SYNC DEMOD Block Diagram
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es(t) is a periodic square wave synchronized with the channel frequency
and phase shifted by Oc or 9. Once the phase of es(t) is synchronized
with eo(t) the SYNC DEMOD output, Vo is proportional to the reference
frequency amplitude and almost completely insensitive to its harmonics.
What we want to explore here are the conditions where errors can be in-
troduced due to harmonics and subsequent phase shift changes in eo(t) or
ec(t). The output gating process along with the differential action is
equivalent to multiplying the signal eo(t) or ec(t) by a square wave whose
amplitude varies between +1 and -1, respectively. To hat end we can rep-
resent es(t) by the Fourier series shown in Eq. (5-31) and eo(t) by Eq.
(5-32). in Eq. (5-32) we are assuming that the first teLo in Eq. (5-26)
is negligible (this reasoning will be discussed later).

4 sin 3wt sin 5wt
es(t) - A(sin wAt + sin3,t+ -sn w + .. )(5-31)f 3 5

eo(t) = \ n sin nwt (5-32)
n=l

Multiplying Eqs. (5-31) and (5-72) and performing the required trigo-
nometric functions, the following result is obtained:

eo(t) eo(t) es(t) (5-33)

= 4n �L - (cos(n-l)wt-cos(n+l)wt4 -1(cos(n-3)wt-co3(n+3)wt)
n-l

+ (cos(n-5)wt - cos(n+5)wt) + ... )

The 10 hz filter attenuates all frequency components in Eq. (5-33) accord-
ing to the formula shown in Eq. (5-34).

Atu - (12 db/oct) 1 0 fi/f, (5-34)
loglo 2

Expansion of Eq. (5-33) and applying the condition described by (5-34) will
result in the following output for Vo.

|Vo~ = 2 1 +..+ + + *... (5-35)
SA3 5

If co(t) was phase shifted by an angle 4' as shown in Eq. (5-36) and
folloulng the same procedure described in deriving Eq. (5-33) the errors

introducmd are shown in Eq. (5-37).
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c ( ) A. A si n~ait -,I,) (5-36)

•,Aj A5
V0  +, 5---..)o ( 5-37 )

1i 0':(t) co ttai us cosine terns their contributions to Vo are zero. If
Lh, cosine ten••s are phaise shifted by i,/, Vo output will contain the terms
shown In Eq. (5-38).

Co(t) = I cos(nwt- )
n= 1

2 (1 1 3 3 5 i

V° =7- B + Y- + 5 J+ ... )sin (5-38)

5.1.1.4 LEuation Tnterpretations

Now that the OAMS system equations are derived, our task now is to
interpret the meaning of the coefficients as applied to OiMS applications.
Beginning with the system output Eq. (5-26), the first term represents an
offset error that is a function of LED intensity balance factor and irra-
diance/derector/pre-amp balance factor. Note that per unit method of ex-
pressing one element function relative to another was used since it is
easier to make comparisons on a percentage basis. LED balance is achieved
by the CONT LED control loop (see Subsection 5.2) whose purpose is to
maintain LED intensities in balance such that a, (Eq. 5-19b) approaches
zero under ideal conditions. Because of the technique required to'drive
the CONT LED this error can only be maintained to within one per cent.
The offset term is further diminished by the irradiance/detector/pre-amp
factor, (Arvsv 0 By careful selection or pairing of the RCA-C30852

(AryR s - detectors, detectors with responsivity (Rsv and
Arhsh Rsh) differences of two per cent or less can be

obtained. However, to account for pre amp circuit difference and irradi-
ance difference at the detector surfaces the close-loop tranaresistance
of one pre amp circuit is varied. Tranaresistance adjustment technique
can best be understood if we momentarily refer to Eq. (5-28). with sinkO
equal zero the offset term is the only remaining term, thus one can adjust
the transresistance until system output approaches a small value. Once
this balance is accomplished, the offset term of Eq. (5-26) is greatly
diminished by the product of a, and the irradiance/detector/pre-amp factor.
However, balancing error due to phase differences as that described by Eq.
(5-37) may exist since Ap 0 ar + c. These errors are kept small since the
rclative difference between the angles is mall.

The second term in Eq. (5-26) is of course the one that yields the
angular information desired from OAMS. For small angles the sin kO f kG
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radians anrd is scale factor mcdified by 1n di.vidhed by the denominator of
thc equat ion. Under ideal condLtions the cosine term in Eq. (5-18b) is
equal to two. Since phase angcls exist the scale factor is a function of
the difierence between ac and 1r" The requirements stipulated by ao dic-
tates that phase angle changes must he small in order to prevent scale fac-
tor changes over the required angular range. (This problem was very real
at one stage of OAMS firassboard No. 1 design). As shown in Eq. (5-18c)
0+ Is noL sensitive to reasonable changes in oc, Ur and u, thus scale fac-
tor errors of the form described by Eq. (5-36) and (5-38) are minimized.
SYNC DEMOD phase adjustments should be performed with both LED at several
angular positions beginning with large angles down to small angles while
simultaneously monitoring phase shifts. The term Ib found in the system
and sum equations was included to account for the d.c. light introduced
by harmonics and background illuminations. The harmonic terms are an in-
tegral portion of the sum voltage and will contribute to scale factor
changes. Fortunately, the a.c. harmonics were measured and they are rela-
tively constant with respect to time, therefore one could safely assume
that the d.c. terms constitute a steady state condition and their effects
cancelled out when the system is scale factor adjusted.

Tie control LED signal, Eq. (5-24), shows that the controlling factor
is a,. In a the term 2u is diminished by thc cosine term and thus indi-
cates that the balancing effort must accommodate for phase angle differ-
ence between the phases generated in the CONT LED and REF LED drive cir-
cuits. Also, since 0- is sensitive to ac' ar and u synchronization of
ec(t) with the SYNC DEMOD periodic square wave must be made with both LED
(compare phases shown in Eq. (5-24) and (5-30)). Any change in phase
after SYNC DEMOD adjustment will affect the signal according to Eq. (5-37)
and will therc-fore increase the LED balance errors. This phase shift
,.long with the odd harmonics (Eq. 5-37) will hinder LED balance since the
control voltage magnitude must account for these errors.

Irradiance/detector/pre-amp balance can be calculated by setting 9
to zero and solving for the ratio ArvRsv/ArhRsh. Eq. (5-39) enables this
calculation (note that Vo is expressed in my).

Aro + ) + Kmr (5-39)
ArvRsv Vo brir

rh sh/ + -\ Kjir
brlI

In order to compute the multiplying factor K, the angular gain factor k
for the pitch and yaw channels must be found using Eq. (5-40) (see Ref.
3, p. 484).

k - 1800 g/X (5-40)

where g - 0.0084t for a quartz ASC(t equals crystal thickness).

The multiplying factor K is computed according to Eq. (5-41). See Table
5-3 for values of k and K. Note that the efrects of sin k9 can be
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linearized by multiplying K by (k@ rad)/sin kG. For example at 900 arc.

sec. the sink9 introduces a scale factor error of 1.2 per cent. Tabie 5-4

180P (3600 rc sec) 1

K=( rad / 1.0 deg -47) (5-41)
.I

Table 5-3. Angular GailV Factors .1

II
Channel I k K

Pitch 65.2 3165.6 rcs

1 -t
Yaw 62.1 3321.5 arc sec

rad

arc sec

Roll 2 103,132.4 ara

lists irradiaitce/detector/pre-amp unbalance on a percentage basis for sys-
tem outputs oý 100 and 1000 mv/arc sec. Background illumination and har-
monic ccntents wece assuixed to be 5 per cent in calculation of these per-
centages.

Table 5-4. Irradiance/Detector/Pre-Amp UnbalanceS - 11
Channels V = 100 mv/arc sec V = 1000 mv/arc sec

Pitch 8.07% 125.6%7

Yaw 7.6% 116.3%

L Roll 0.24% 12.1%I .1

Note that the roll channel system output voltage is about 30 times more
sensitive to unbalance changes. Physically this means that a higher
differential gain Gd (see Fig. 5-5) is required and this naturally ampli-
fies any electrical noise generated in the detector/pre-amp circuit.
Also, according to RCA, the detector (hermetically sealed unit) relative
responsivity changes will bc less titan 0.25 per cent over ambient to
37.8&tC temperature range. Therefore, any unbalance in the order ot 1000
mv/arc sac are wot detector derivative.
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A;C SYNC
AMP DI VI DER DEMOD

jFLT

SYNC LEAD/ CONT
DEMOD LAG AMPG•,.•cM.. a-- ;-- - -

L_._

""ain Values 1
Chnnnel Gd Gs _ _ Gx 1 Gf I-Gm 1/a Gc'a

Pitch 16.8 2.12 2.0 1 21.0 6.37 0.125 3600.0

Yaw 11.3 1.91 2.0 10.1 6.37 0 125 3600.0 1
Roll 22.' 1.97 2.0 4.4637

tigure 5-5. Brassboard No. 2 Gains

The ratio u, which expresses the amount of a.c. LED unbalance, is
computed by Eq. (5-42).

Uw1+(a(VcG* V cos) (VX * Vxos)mr\ (5-42)
+c~m 2 Gf

Typical values for u, along with parameters required to c;alculate, are
shown in Table 5-5 and 5-6. The modulation indices were chosen to avoid
driving the LED current below 10 ma where the nonlinjar characteristics
are worst.
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ThIble 5-5. LED Balance Valtues

Parameters Pitch Yaw Roll

Vc 5..989 V 7.509 V 6.715 V

2.3 V 0.4 V 2.2 V 1
V 4.712 V 5.24 V 5.089 V

* VXos -59.4 MV -41.9 MV -54.0 MVS1 i
1.0129 1.0111 1.0129

Table 5-6. LED Modulation Indices

Channel mr m

Pitch j 0.856 0.863

Yaw 0.857 0 . 877I I I

Roll 0.878 0.886

The phase angles Op and Oc can be approximately calculated by the
use of Eq. (5-43), which relates the phase &argles in each op-amp circuit
(except for the detector/pre amp (see Subseccion 5.3)), and a 436B divider
phase shift tabulation shown in Table 5-7. The phase angles in Table
5-7 were measured and are essentially constant from ambient tc 37.80c.

Table 5-7. 436 B Divider Phase Shift

V 925 hz 1850 hz 3700 hz

10 I 00 -.10 -1.30

9 00 -0.2o 1.40

8 ' 00 -0.30 -1.60:03O ,

7 -0.10 -0.30 -1.7'

b I 0.10 "0.60

5 i 0.2o -0.60 .1.90

4 "0.3o -6.60 -2.10 I

03 -0.30 -0.70 -2.3
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0. arc tan (-f/fLoA) (5-43)

'rhe divider operation is described by the ideal equation where
Vy 10 v /Vx = CxV

It was found during laboratory testing of OAMS, that Lhe 436" dividers
supply voltage must be 15 VDC since higher voltages, 3ay 16 "DC, will
cause errors in the modulation indices.

With the results of Table 5-5 and 5-7, plus the sum of all the
appropriate Oa's, 0-, 0+ and c (see Subsection 5.3), the resulting calcuý
lations of phase angles are shown in Table 5-8. The phase angle calcula-
tions were based upon typical component characteristics. Very little
correlation can be made between the calculated and actual values (deter-
mined by use ef the phase shift network values found on Board No. 5).
Because Oc contains 0- it is easy to see where the differences exist
since 0- is very sensitive to ar and aic magnitudes as demons rated in the
pitch channel case. The cause of thr. G difference from actual is not
obvious, especially in the roll channel, and suggest aa atypical phase

shift of a component may be the cause.

5.1.2 Wollaston Prism Nonorthogonality

In the course of OAMS Brassboard No. 1 development/modifications
many hours were spent discussing and studying Wollaston prism nonortho-
gonality. Laboratory measurements and observations were made to ct, nfirm
that it existed and its effect on OAMS system output. The resulting out-
come of this effort is: 1) Wollaston prism polarization planes for roll
Brassboard No. 1 are nonorthogonal by about ± 10, 2) the manufacturer
cannot guarantee Wollaston prisms with better plane accuracy, 3) the
effects are noticeable only in the roll channel and 4) the effect on roll
can be minimized by careful pairing of the priam or in some cases rotation
of the prism by 90 . Lack of a uniform image pattern of the light seen
by the detector and the questionable techniq'ies used in differentiating
the effects on OAMS necessitate that an analysis be performed in order to
gain some perception into the problem. The approach taken he!re will be
similar to that of Subsection 5.1.1 where the lateral channels will be
considered first followed by roll. The objective will be to derive irra-
diance expressions similar to that of Eq. (5-4) and take advantage of
pre';ious development, were applicable, in reaching a conclusion.

5.1.2.1 iateral Channels Nonorthogonality

The output of a nonorthogonal Wollaston prism, say WT,, being reversel
fed by the REF end CONT LED, can be derived with the use of the Mueller
matrix P(C) and Stokes vectors 19 and (fr,,c) shown in Tables 5-1 and 5-2.
Each polarization plane of the Wollaston prism is analogous to a general
linear polririzcr, The development of the Stokes vector (4r,,c), using
operator notation, begins with Eq. (5-44).
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he rr,ec) Qr) §r + P(d) "sc (5-44)

where

E J J + J
C R

AJ JRC2•r + JcC2 c

i AJ J JS2/ + JcS2•
R 2f r C 2jc

Ideally &r - 00 and &c = 900; however, for the nonideal case we can
let Lc - 900- ýr' In this case &r is a small angle causing the non-
orthogonality. Substituting this identity into AJ and AJ will convert
these intensities as a function of angle &r where,

AiJ - (JR C)C•
-(R - JO~ C24

AJ - (J-R -JC) S2 A,

Correctness of this derivation can be quickly verified by letting -, r=O°
and the Stokes vector is similar to S (00, 900). The irradiance at the
IXOTR aperture and at the detector surfaces is defined in operator form
by Eqs. (5-45), (5-46) and (5-47).

Jt ASC( a,0 0)Q(45 0 ) E( &r, Ec) (5-45)

Jdh P(¢ h)•cR( 8 ,180 0 )T(r) J (5-46)

SJdv - P v)ASC,)(0,l8I)T(Qr Jt (.w4)

Substituting the appropriate matrices in Jt, Jdh and Jdv and performing
the required matrix multiplication gives us the general irradiance at
the detector snrfaces.

SJdh E" • Z- AM(S k(a.) - Ska Ck$ (1 - C20 ))C 2Eh

+ SklS20rS2&h ) + AJ(C20rS2jeh'S2GrCkA3C2fh)

Jdv - J + AJ((Sk(a-8) - SkmCk8(l'C2Qr)) C2r h

-"SwS~ S~jfh) + AJ(C S + S2rCkPC2h)*%IaS2wrL2h (CZWr¶)21h
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The trigonometric identities

Sk(u.B) = SkYCkp- CkSka

and -• h

were used in the expansion of these equations. Applying Assumptions No. 1

and 5, plus noting that AJ is a function of sin 2 .r, the

Assumption No. 5 -

The deviation from orthogo'iality is no greater than one

degree; therefore, the worst case angle for &r and Eh

is one degree.

irradisnce equations simplify to the form shown in Eq. (5-48).

Jdh " T J_ A-J Sko C 2fh (5-48a)

Jdv w EJh AJ Sko C 2hI (5-48b)

Equation (5-48) is similar to that cf Eq. (5-4) except that the second

term contains cos 2 & h. Therefore, the secoud term of the system ouLput,

Eq. (5-26), is modified by the product of cos 2&h. Thus, the lateral

channel output is only sensitive to the nonorthogonality of the RCVR

Wollaston prism and its effect would be a mall constant-scale-factor

error that is compensated by differeintial gain Gd.

5.1.2.2 Poll Channel Nonorthogonal.tZ

Analytical approach for the roll. channel will be somewhat similar

to that taken for the lateral channols. The terms AJ and AJ of

T(Cr 1 &) will be different and thiir location in the Stokes vector are

interchanged (see Table 5-2).

Aj = i JR" Jd S 2&

rAJ= (JR J ) C2•

&c =r" 900

Application of Assumption No. 5 will thus define E r - 450 17 10. Letting

Sr a 450 would yield T. 45*) listed in Table 5-2. The irradiance at
the detector surface in operator notation is defined by Eq. (5-49).

Jdh - •(1 vh T(r) J Qr' ) (5-49a)
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where V 90°- h

Substitution of the required matrices in Eq. (5-49), performing the
specified expansion, and grouping of terms yield the following irra-
diance equations.

Jdhi Ej + AJS2(&h- 0)d + AJC2 (& h )) (5-50a)

Jdv ( .J + AJ S2(9r+&h) - AJC2(Or + h)) (5-50b)

and the trigonometric identities

S2(C l S2f7 C20r C 21r S2@r
r r 0  r r

C2(4r+Qr)* C2rr C2 @r +S2fr S2@r

where used.

Inserting the AJ and AJ into Jdh and Jdv yields Eq. (5-51).

Jdh - E( J + AJ C2 (gr+01 )) (5-51a)

Jdv -( J - J C (5-51b)

r where

21 = r r h

Using Eqs. (5-14) and (5-15), Jdh and Jdv can be written as follows:

J (+ - a- + a+ C2 (Or+Ol)) (5-52a)

Jdv m k(A+ + A - a - a+ C2 (r402)) (5-52b)

Employing the relationships expressed by Eqs. (5-20) and (5-21) and
substituting the a.c. terms of Jdh and Jdvj into Eq. (5-22) yields,

_____~s ArvRsv /+ ArvRrv"*d = 4 A• R sh a' 2ior +0 + ̂ rr C2(9 +0a o
- 4Atftah r 1) Arhish r2

(5-53)

5-31

.I ,



The basic difference between Eq. (5-53) and (5-23) is in the second
- term where the desired angular rotation r is contained. Our goal now

is to expand the second term in a form which will facilitate our inter-
pretation. Let,

y - cos 2(gr+O1) + x cos 2(Qr+2)

where y is the coefficient of a+ and, x - ArvRrx/ArhRsh*

y - -(sin 201 + x sin 202) sin 20r

+(cos 20 1 + x cos 20 2) cos 20 r

i,'.ch is equivalent to

S- z sin 2 (r + (5-54a)

z - (1 + x2 + 2 x cos 2(0I - 02))k (5-54b)

at- coB 20, + x cos 202ta

sin 20, + xsin202

(Note that in z, 01 02 n "2-h)

The validit of Eq. (5-54) can be easily verified by letting Er - 450

and Ehi=O' and Eq. (5-55) should be identical to Eq. (5-23) when
k -2.

ed 4 - 1) a- + z a+ sin2(Qr+ 2) (5-55)

If we use the sa 2 rationale as that .,reviously used in deriving ec and
VS, it will be clear that nonorthogonal planes will have neglibible ef-
feacts on these terms. Therefore, for our purpose the system output
equation &fter subscitution for a- and a+ can be %Titten as shown in Eq.

(5-56).-56

00 ( m r_ (5-56)
bcc I **;~(--(wt4Qc)+ %282(9r a)(,t V

Kun 1b r AvRs
h1  W l+ + -) 8 +%)

Examination of the second term in Eq. (5-56), we can see that z will
alter the scale factor, if Ch 0O, and a displacement frora true zero by

fn angle qwill exist. Therefore, in order to compensate for a/2 either J
Wr or 4R or I-oth must be rotated counter-clockwise or clockwise from
their desired porition. However, this will then result in cross coupling
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angular errors when the lateral channels are rotated. In order for us to
get a feel of what magnitude of error this will yield, let's assume that the
following conditions exist:

a) Irradiance/detector/pre-mp is unbalanced by 0.24/.

b) cr 460

and c) -j°< •h 1

where values of fr and -h are assumed to be the worst case conditions.
With the aid of Eq. (5-54) the following values are computed:

x - 1.0('24, z = 2.001 (ideal z - 2.0)

a 2.0020; - = 1.0010 - 3603.6 arc secs.
2

These calculitions indicate that the scale factor error is negligible, but
the one degree angular error must be compensated by rotation of the Wollaasns
until the system output is zero. The expense paid in doing this (unavoid-
able) is to increase the likelihood of cross coupling in the roll channel
when pitching. and yawing occur. Perturbation of Cr and fh within the ± 10
limit specified indicates that the magnitude of a is controlled only by the
X(TR Wollaston's deviation from orthogonality. Thus, if fr v ,5 and fh !Is
allowed to vary + 10 it will be found, for all practical purl ses, that
a - 00. Ther.efore, when selecting XMIR Wollaston prisms, the prism with
the best orthogonal fit should be used in the roll channel.

5.2 Led ConI:rol Loop

The fun,.tion of the LED control loop is to assure a.c. and d.c. inten-
sity balance, as seen by the horizontal and vertical detectors, of the 0ONT
LED relative to the REF LED. The purpose of balancing action is to maintain
the term a 1 , found in Eq.(5-26), as near zero as possible in order that its
product with the irradiance/detector/pre-amp balance term will drive the off-
set described in Eq.(5-26) to a minima. In addition the LED balance scheme will
provide the same modulation index for the ODNT LED drive signal as that of the
REF LED, thus mc =r* This will assure that the ratio bclc/brlr found in Eq.
(5-26) is near unity under varying light intensities.

5.2.1 Block Diagram Description

The OARS control loop model along with the identification of its consti-
tuent mathematical blocks are shown in Figure 5-6. A unique feature of this
loop is the need for a divider which usintains the WONT LED modulation index
mc equal to that of the REF LED drive signal. A constant signal, with the re-
quired modulations index, is fed in the numerator and the output Vy is ampli-
tude scaled by the denominator Vc. Since Vc must be greater than zero (lower
limit set to be Vc_ + 3.1 VDC) this requires that the LED intensities be un-
balanced by a certain percentage in order to maintain this voltage at a pre-

scribed level. In order to accomplish this and at the same time maintain a
LED balance between 1.0 to 2.0 per cent, a large voltage gain must be developed
between the control signal ec and the control voltage Vc (also referred to as
error voltage). Of course it would be most desirable to maintain LED balance
to a smaller percentage, thus putting less reliance on the irradiance/detector/
pre-amp balance (see Eq.(5-26)), but a compromise must be attained between
LED balance and control loop phase and gain margins.
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It should also be emphasized at this point that the control loop LED
-4 balance effects on the system output V. are somewhat diminished by the

AGC divider and the irradLance/detector/pre-amp balance. If the pre-amp
balance were zero or very small at all times larger unbalances could be
tolerated. A lower limit for the divider denominator must be establish,
to prevent operation at close to zero voltage where oscillation and/or
indeterminate operation results. In addition divider phase shifts are

* pronounced aE Vc appreaches small values.

Determination of the divider gain G y LED dril7# amp transconductance
A c, LED-Optics-Sum transresistance Arc, and the corresponding rationale
wfll be presented here. The control loop is basically nonlinear because
of the divider characteristics and to that end we shall circumvent thi,
problem by Assumption No. 6.

Assumption No. 6 -

The largest divider gain value is at Vc = + 3.1 VDC. Increas-
ing values of Vc will increase the relative stability of
the control loop.

In addition we will work with c.c. values in the determination of these
gains. For an oscillator signal of 1.0 V RMS, a voltage divider network
composed of RI and R9 (see Board No. BE, Pg. 6-4), and a modulation index
of about 0.86, the following d.c. numerator term results:

(2)½e,%cR9

mc (R1 + R9 )

Substitution of Vz into the divider ideal equation yields,

V 0 e0 cR9  (5-57)
Vc m c (R1 R;))

where Vx - Vc. Dividing both sides of Eq. (5-57) by Vc gives,

V, 1o(2)½ eocR9
Gy - - (5-58)

V = V2 m (R1 + R9)
c c c

For values of

R1 - 100 kfl
R9 - 17.2 kil

Vc M 3.1 VDC

G 10(2)½ (1.0) 17.2 0.251 v/v.
-, (3.1)2(0.86) (117.2)
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The transconductance of the inverting amplifier circuit (consist-
Ing of A6 and the Darlington transistor pair) is defined by Eq. (5-59).

Agc Jc/VyI- R3 /R1 R1 6  (5-59) .

For values of,

R3 - 25.8 kQ, Roll

R3 = 27.6 kit, Pitch and Yaw

R1= loft

RI6= 10 kfl

then Agc G 0.258 mhos for Roll and Agc 0.276 mhos for Pitch and Yaw.

Control LED current Ic9 for varying values of Vc, are listed ir. Table 5-9.

Table 5-9. Control LED Currents

Vc Vy Ic (Roll) Ic (Pitch atid Yaw)

(VDC) (VDC) (ma) (ma)

10 0.241 62.2 66.5 1
9 0.268 69.1 74.0 I
8 0.302 77.9 83.4
7 0.347 89.5 95.8
6 0. 402 103.7 111.0
5 0.483 124.6 133.3
4 0.603 155.6 166.4

3.1 0.779 201.0 215.0

Before determining the LED-Optic-Sum tranaresistance Arc, a
rationale must be developed which defines the signals being summed.
Recall that

es - Gs (eH + eV).

Now if we make use of Assumption No. 7 our computation will be simpli-
fied without too great a sacrifice in accuracy. In addition we will

Assumption No. 7 - i

The irradiance for the horizontal and vertical paths
to both detectors are exactly oqual.
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limit the analysis to a.c. components, therefore, after subsi:itutionof the .appropjlae values,

es = ec = 2Gs Arh idh,

Substitution of Eq. (5-20) for idh and remembering that the e" term is
the controlling term,

ec = - Gs AzhRsha-/ 2

where

a- - brir(l+ u2- 2u cos (ac-ar))½

If ac-C z 0, a- can be written as

a- = brir(' + u 2 - 2u)½

a- brir(l - u)

or a- = brir - bcc.

Inserting a- into ec yields,

GsArhRsh

ec - 2 (bcic - brir) (5-60)

Letting,

Arr.= GsAchRshbr/ 2

and

Arc GsArhRshbc/ 2 .

then,

ec mArcic - Arrir (5-61)

Eq. (5-61) is the basic equation used in the development of the OAMS
control loop block diagram. If we know the sum voltage V. for a parti-
cular Ic, an equivalent value for Are can be calculated, Assuming that
exactly half of V. is contributed by the CONT LED, the peak magnitude
for ec, due to the (Oh'r LED, can be computed per Eq. (5-62).

eCO 1.71 V /2 Gf, Pitch (5-62a)
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VCl) 1.42 VS/2 (.f, Yaw (5-62b)

1 .27 V /2 GI , 1 I 1 (5- 6 2c)

The numerical factors in Eq. (5-62) compensate for the increased LED
efficienty at 4.44oC" (40 0 F) as determined in laboratory measurements
made on JuLy 22, 1976. Note that at 4.440c the loop gain Increases,
thus driving the control loop closer to instability, The ratio of
e cp/Ic/ Arc and from the results of Fig. S-5 and Table 5-5 and 5-9.

A -- 1.71(4.77) _1.1A.7 1.75, Pitch
rc 2(21)(111 x I01P)

Are ~1.42(5.28)4.8YaA~rc = (1 l)8.x0b= 4.18, Yaw
2(10.1)(88.7 x 10-3)

1.27(5.14)A = 10_3) =8.0 ,Roll
rc 2(4.4)(92.73 x 1 -

Please note that the values of Arc are proportional to the separation
distance between the XIITR and RCVR. For a reduction in range a new
setting for the CONT AMP gain must be made to maintain the prescribed
gain and phase margins defined in the stability anal.sis subsection.
The same applies for the case when significantly hotter LED or improved
optics are introduced with a iesulting Increase In light intensity.

5.2.2 Control Loop Stability Analysig

A Bode analysis of the loop transfer function must now be performed
in order to select an appropriate ODNT AMP gain 1/p that will maintain
loop stability. Using control analysis notation, the loop transfer func-
tion can be written as

K(1 + s/z)

G(s)H(s) -Os+ i)(5-63)

(A' ++ I) (1 + sip)

z - 387.7 rad./sec

p - 3090.0 rad./sec

won - 62.84 rad./sec

otn = 1.414

K = GcCmGGyAg•rc/a
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If we let s Jw and normalize the lead-lag transfer function terms,
the gain equation becomes

G 1 + (5-64)
K 2 anOQ

(1- () +j•- l+ j -• )

The magnitude of G(Jca)R(JO)/K in decibels _s,

20 10I0 H (•It) (5-65)
K

20 lo810(1 +l 2. 2). - 20 lo1lo I +)2

- 20 log10((l 2 °)2 +(Lnw)2)•

where
Nz and Np

won cIin

The phase shift 0 is,

0 - Arg(G(jco)li(jw) - (5-66)

tan tan tan

Figure 5-7 is a plot of the magnitude and phase versus the normalized
frequency w/W . Selecting a phase margin (PM) of 31.20 gf,-!s us a
gain of 57.4 3b. or K - 741.3v/v at o/w.n - 70.0. With X known
we can now write the following relationship,

Gc W K a/ GmGyAgcArc. (5-67)

Substituting the appropriate values in Eq. (5-67) yields,

Gc - 7661, Pitch

Gc - 3207, Yaw

Gc a 1793, Roll

Table 5-10 summarizes the loop gains for the three channels end the
conditions used to calculate.
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An important and subtle point to note is that a relatively I
large op amp circuit close loop gain is required for Gc. This gain
will naturally cause the op amp circuit to produce a phase lag accord-
ing to Eq. (5-68).

a -tan -1 (wln N) (5-68)

where

N = 21r fo Ao/Gc 'n

For example, consider the case where op-amp (Mono OP-07) is used.

A0  = 110 db - 316,227.3 ,v

f = 2.7 hz

Wn = 62.84 rad/sec

N = 23.71

GC = 3600.0

./Wn= 70

0a -- 71.3

Obviously, the introduction of a -71.30 phase shift by the OONT AMP
will cause instability in the control loop. This necessitates either
our using a wider bandwidth op amp or splitting the op amp circuit into
several stager whose product equals the desired Gc. We have chosen
the latter where two cascade stages, each with a gain of 60 (lateral
channels) and a corresponding phase lag of 2.820, are used to generate
Gc. This application yields a considerably smaller phase lag with
minimal effect on the control loop phase.

f,3 Detector Pre Amp Analysis

The OAMS system, requires, per channel, a pair of detector/pre
amplifier circuit, one called the horizontal and the other vertical,
as described In the system equation analysis. It is clear from the
connotation that a detector and pre-amp circuit are the two main com-
ponents making, up the whole citcuit. What is not so obvious is that I
special care must be taken in the application that requires joining
the two to fonms a composite circuit. The circuit analysis to follow I
will address itself towards the derivation of equations describing
the signal and noise components. The proper choice of components in
this circuit is key towards proper operation of the OAMS system. Fol-
lowing equation derivations, noise calculations based upon op amp data
and circuit gains will be compared with actual fheasurements made on
OAKS,
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5.3.1 Signal Output Model

Figure 5-8 depicts the basic current-to-voltage converter circuit
with an equivalent circuit of the detector. The objective here is to I
derive an output equation for the horizontal detector/pre-amp circuit
as a function of the various paranieters after making suitable simpli-
fying assumptions. The horizontni dotector/pre-amp notations shall
be used throughout this der~vatin a'id the results are the sane for
the verLical detector/pre-amp ci':cui:.

Assumption No. 8 -

Op amp input termlnaln draw virtually no current because
of the large differential input resistance, Rid.

Assumption No. 9 -

Voltage across input term:.nals is zero since the positive
input terminal is at ground potential (no current flow);
the negative input termin3ls must be at zero voltage also.

Assumption No. 10 -

The series resistance Rs is approximately 30 ohms and is
much smaller than thR damping resistance Rd.

R is added to prevent input bias current Ib from producing a d.c. off-
sgt at the op amp output. Capacitor C p is required to bypass the ther-
mal noise of Rp to ground.

Applying Thdvenin's theorem arnd Asewption No. 8, 9 and 10, thm cir-
cuit of Figure 5-8, for analysis purposes, can be simplified to thaL
shown in Figure 5-9. The voltage gain equation for the circuit is,

Rf

Rd

3IP AM

+

_II

Figure 5-9. Equivalent Inverting Amplifier Circuit
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Arc = eH/Vdh (1-I/3)(I + 1/Av,8) (5-69)

whe re

-/ = Zl/(Zl + Rf)

SZ1 j di

Ao
Av - A(I + ios) -t

Zj = Rj/(l + RjCjs).

Exp2asion of the numerator and denominator of Eq. (5-69) gives,

1 - I/1 3 -Rf(1 + R Cjs)/Rj(I + RdCjS)

T o C J Rfs 2+ + o- + Rf s+

I + I/ A v = A ° + R d rj, '+ ,s

1 + RdC S

with Rj >> Rd and Rf >> Rd-

Avc 
Rf (1 +_RjCjS)

R(woCjRf + (RdCj + o10- 1 + i)

From Eq. (5-69),

H = vc Vdh

and Vdh = - idh Zj = - Rjidh/(l + RJCjs).

Therefore,

eRf dh (5-70)*o cj Rfs 2  f /°o(I
A- + (RdCj +TOI+ S+

Eq. (5-70) can be written in a more fam~iliar form as shown in Eq. (5-71).
R ef =" Rdh .

,,H 2 (5-71)

lb h
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I

wh (2w foAo/CjRf)

and

.11= -h( RdCJ + (1 + Rf/Rj)/2w foAO)

The transresistfance Arh can now be written as

(s) eH (s Rf

rh - 2 (5-72)
idh ) +-+ 1

If we let s - jw, the last equation becomes

Rf

A rh 2 .ahJ

I - s-.)+ ja hw...
"ii h

and the phase shift is

h - tan ( L ) (5-73)

For detectors, w;th equal R and Ci it can be proven that to have the

same phase shift for each ;etector/pre-amp leg that Rdh = Rdv. The

proof is as follows:

"ch = f v

"ah "l.h nv Who v_

or
O~h- *

"h "h = 2 2 -vav

If *2hP>W2 and w2 v$1h2 , then

"Cth / WDh = v/ Wv v
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Stibst i tution of the appropriate terms for (h/•h and -v/chv and solving
for Rdh results in Eq. (5-74).

ý dh - Rdv + (Rfv-Rfh)/27?EoAoCjRj (5-74)

Since Rfv aind Rfh are genecally less than 100k ohms difference, Eq.
(5-74) reduces to the form where Rdh 5 Rdv.

At this point an analysis, using actual component values, is de-

sirable. From the date of the RCA C30852 photovoltaic photodiode,

Cj - 250 pf

R i = 10 x 106 ohms

Rs a 30 ohms (calculated from EG & G data sheet D3002A-l).

The pre amp circuit values are:

Rf - 2 x 106 ohms

Rd = 53.6 x 103 ohms

A0 - 110 db - 316,227.8 v/v

f - 2.7 hz

Substituting these component values into the equations for Whn, Cth, Arh
and ch yields,

Wh - 103,582.6 rad/sec

I obh - 1.41

h - 0.706

Ch - 18.40
w - 23,247.8 rad/sec Pitch

Arh - 1,998,005 ohms

E - 9.2V
- 11,623.9 rad/sec Yaw

Arh 1,999,991 ohms

0
th a 4.54
w - 5811.9 rad/sec Roll

Arh - 2,000,028 ohms

If Rd where zero the ah equation would then take the form
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I

a1, (,h (RsCj + (1 + RI/Rj)/27r foA 0)"

With Rs 30 ohms
a 0.0239h

and Arh(J(O) is very much underdamped. In such a case the response of

". to changes in light intensities will die o'it slowly. Small damping

constants, such as this, will also amplify the voltage noise of the op

amp as shown in following section. In the previous calculation we have

,,elected Rd (using Eq. (5-75)) for a damping ratio of 0.706.

= (-h. (0 + Rf/Rj)/27T foAo)/C. (5-75)

5.3.2 Electrical Noise Model

The detector/pre-amp circuit has basically four thermal noise

sources, i.e. op amp voltage en, feedback resistor voltage enf, op

amp current in and the detector inh. We shall direct our effort towards

derivation of an expression relating the voltage noise output of the

circuit since the magnitude is related to our choice of damping con-

stant. The current noise circuit output is easily related by the pro-

duct of the constituent current by the transresistance. Figure 5-10

is an equivalent circuit that will be used in this analysi;i. The

e f

+
Rf

Rd

"eno

( nhn jNoiseless
e 'Op amp

nt

Figure 5-10. Equivalent Noise Circuit

voltage noise gain equation for Lhe noninverting configuration is .1
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Avn = eno/en I = 1+ Av/I (5-76)

Expansion of 1//3 and incorporating the conditions where Rj>>Rd and
Rf />Rd, 1/f? becomes,

(/; + Rf)(+ + RfRJCjs/(RM + Rf)
f Ij I ---- f)

Rj (I + CiRds)

Substitution of 1/fl and 1 + 1/Avf3 (from the previous section) into
Eq. (5-76) yields,

(10 + r)i + RfRjCjs/(Rj + Rf)) (577)

T C = C R f 2 1o Rf -5))s- 7
oA s + (RdCj +A + s

Eq. (5-77) can be written in a conventional form as shown in Eq. (5-78).

1 + 1. I + rjs)

A () 2  (5-78)
vn 2+ ah-- +l

where,

Sj - RfRjCj/(Rj + Rf) - 4.17 x 10-4 sec.

oWh and Oh are defined in Eq. (5-71). Because of the similarity of
Eq. (5-78) and (5-71) it is opparent that the damping constant ah will
affect the noise voltage eno in a similar manner as that for eH. The
magnitude of Avn(jw• is

(I + Rf/Rj)(1 + (7jcg)2)½

JA ~In -) W 2 2 + ajW 2 (5-79)
° OJ +

A careful study of either Eq. (5-78) or (5-79) plus knowledge of sys-
tem requirements indicate that:

a. The t2ro will cause the noise magnitude to increase,
undiminished by the second order pole, until the radian
frequency reaches about cah/lO.

b. The magnitude of IAvn(Jca)l , for all practical purposes,
i is equal to I + Rf/RJ for frequencies less than 100 hz.
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Without Rd the damping constant (as txplained beiore) would
a be small; therefore high and low frequency noise components

A•)uld have a tendency 1o modulate the signal ell.

d. Sync. Demod. action will attenuate noise frequencies accord-
ing to Eq. (5-36) and (5-38). Whatever component gets
through will be further attenuated by the 10 hz filter ac-
cording to Eq. (5-34). Therefore, the system noise output
will consist, mainly, of low frequency noise of 100 hz or
less with the dominate components in the 10 hz bandwidth
region.

With Rd selected to yield a damping ratio of 0.706 and the rationale
listed, Avn reduces to,

e Rf
no0 + -0Avn en = 1 + Rj (5-80a)

or eno en (1 + Rf/Rj) (5-8Ob)

Of course eno must be modified to account for the voltage noise of Rf
and the current noise of the op amp and detector as shown in Eq. (5-81).

eno(10 hz) = (en (I + Rf/Rj) 2 + e nf + '.fa(in + in2))(Bn)½ (5-81)

Since RCA does not list the current spot noise for 10 hz, we must ac-
cept the 1000 hz value given with the assumption that the magnitude
is within the same range. Using the following op amp and detector
noise data, the total voltage noise from one detector/pre-amp leg is
calculated.

- (h )
enf - (4kTRf) = 0.182 uv/(hz) at 250C

en a 10.3 nv/(hz)½

in M 0.32 ,)a/00

t - 0.08 pa/(hz)!

and

eno(IO hz) - 0.68 juv (Bn)½

Note that the op amp current noise contributed significantly to eno(lO hz)
and almost swamps out the effect of the other noise source. The voltage
noties for the differential amp are negligible compared to those con-
tributed by the detector/pre-amp. The output voltage noise due to both
detector/pre-amp paths following the differential amplifier is
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no= Cn(Ceh + enov)2 (Bn) (5-82)

where

2
Gn= - (d C"x

L Multiplying each of the voltage noise values by the corresponding
gains outlined in Figure 5-5 yields,

eno s= 21.8 #v (Bn)X, pitch

enos = 13.2 Av (Bn)-', yaw

I

enos = 0.147 my (Bn) 2 , roll

The noise bandwidth of the system is determined by the poles of
the second order 10 hz filter and is expressed by the following:

Bn 2 (5-83)

IHi (i&)l

where,

H(s) = 2 (5-84)

(s - ml)(s "m2)

and i 1 I or 2

Letting s - je,

H(jw) - Hl(jcu) H2 (jCJ)

(O~n
and H1 (jc) -

icu m~

H.2 (jc) _ -- - 2

where ml, m2 a(Vn(-8n t j (1 -

ani 8n < 1.0

Substituting lHl(jt) and H2 (ju6, one ac a time, into Eq. (5-83) and
performing the required integration yields,
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2n 7+Bn =- ) 2-t n

For 8n = 0.707

B 0.70 ( ) 1.107 rad.)

Bn = 1.312 wn or 7.58 (On

Since the pole with the narrowest Bn will govern and Bn is to be expressed
in hz,

Bn = 1.312 o'n/27r

or Bn = 1.312 fn

With fn = 10 hz we can now calculate enos with the results as shown
below.

enos -- 0.079 my rms, pitch

enos =0.048 mv rms, yaw

enos -0.532 mv rms, roll

These are the ideal thermal noise values calculated from typical op
amp data.

System output noise measurements were made with an H.P. 135 X-Y
recorder whose maximum pen speed is 20 inches/sec. The noise output
is shown in Figure 5-11. With these graphs 50 voltage points were
taken at 100 ms intervals and are tabulated in Table 5-11. The samp-
ling interval of 100 ms was chosen to ensure independent measurements
(gee ref. 4, Pg. 375 and 392) and with 50 sample points a good approxi-
mation to a, gaussian-shaped, probability-density curve can be obtained.
With this noise data the standard deviation was calculateA for each
channel by Eq. (5-87).

an I X 2_ n-2 (5-87)
i-i. (M - I )

-rn - 0.604 mv rms, pitch )
Crn - 0.437 my tms, yaw 10 hz filter

0r - 1.504 mv rms, roll
n
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Table '-11. Tabulntion of Noise Data

ampie Pitch Yaw Ro.I1
!, _(my) (mv) kmvI

-1 2.2 2.2 6.8
2 -1.7 1.2 6.5
3 1.1 5.2
4 -1.9 1.0 3.0

-1.6 1.1 4.5
6 -0.7 1.1 6.6
7 -I.1 1.1 4.1

8 -1.8 1.1 2.5
9 -1.2 1.0 5.0

10 -1.2 0.9 4.5
1l -0.9 1.4 5.1

-12 -0.8 1.2 7.1
13 -1.7 1.7 7.6 .

14 -1.5 1.5 7.1
15 -1.7 1.4 6.5
16 - I. 2.0 6.0
17 -1.8 1.6 3.2
18 -1.7 2.0 6.4
19 -1.8 2.1 6.2
20 -0.6 2.6 7.0
21 -0.5 2.3 3.5
22 -0.2 2.3 7.5
23 -0.8 2.1 6.5
24 -O.S 2.0 6.5
25 -1,4 1.6 8.5
26 .0.1 1.1 7.0
27 -0.1 1.3 8.5
28 -0.3 1.5 6.5
29 -0. 1.4 3.0
30 -.. 1 1.7 6.5
31 -1.2 2.2 8.0
1 32 -0.8 1.8 3.5
33 -0.7 1.6 5.5
34 -1.1 1.4 6.7
35 -0.8 1.5 5.6
36 -1.2 1.0 ,9
37 -1.0 1.1 6G
38 -0.3 1.t t
39 -0.7 2.1 6
40 -0. 2.5 4...
41 -0.5 1.8 6.0
42 0 1.5 6.0
"43 0.2 1.5 5.5
44 -0.1 2.2 4.5
45 -0 7 1.6 4.5
46 -1.8 1.5 3.7
47"-, 1.8 4.9
48 -1.3 1.5 6.5
49 -1.5 1.5 3.7
50 j -1.1 1.2 . 5.01
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However, one must also realize that the calculated data can not
account for other types of noise disturbance such as 1/f noise, shot
noise, and perhaps most importantly variations in the irradiance

light source from LED emission to detection at the detector surfaces.

Noise in the roll channel is larger because of the increased gain re-
quired in scaling of the output as indicated in Section 5.1.1.4. In

addition higher power LEDs would cause a reduction in gain and thus

reduced noise amplification in the system's processing path.

The 10 hz filter restricts the OAMS Brassboard No. 2 system to

a 10 hz dynamic response. However, it was mentioned lately that a
40 hz dynamic response is more representative of future applications.

An estimate of the OAMS noise output with a 40 liz low pass filter can

be calculated by multiplying the results of Eq. (5-87) by 2.0. The

standard noise deviation is then 1.208, 0.874 and 3.008 mv rms for pitch,

yaw and roll, respectively.

Finally the selection of the RCA C30852 photovoltaic photodiode

was based upon a higher responsivity and a lower junction capacitor,

for a given surface area, which in turn yields a higher natural fre-

quency O)h. Note that large values of wh produce smaller phase shifts

in each detector/pre amp path as shown by (Eq. (5-73). These detectors

are not amphoterically built; tYioreforc, protection against radiation

is less stringent.

5.4 Conclusion

It was proven by an analytical model of the lateral and roll

channels that, with proper LED and irradiance/detector/pre-amp balance,

offsets in system output can be held to about one arc second. Changes

in phase shift, once the SYNC DEMOD is synchronized, would generplly

occur when the relative intensities between the REF and CONT LED are

changing. These intensity changes may be due to uneven relative

degradation in light output with passage of time or uneven light

pattern of either LED at, the RCVR and XMTR are rotated about their

axes. Phase shift changes would manifest themselves in larger LED

unbalance and offset minimization would rely more on the irradiance/

detector/pre-amp balance. Background illumination within the optical

filter BW will introduce a d.c. quantity that causes a shift in system

scale factor. Therefore, if OAMS application dictates operation in

an environment where the background lighting has spectral range over-

lapping that of OAMS, light shades wi.h baffles about the RCVR aper-

tvre are required to prevent direct lighting of the detectors.

Wollaston prism nonorthogonality will introduce a small constant

scale factor error in the lateral channels. This error is compensated

by an increased gain when initial scale factor adjustments are made.
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In the roll channel nonorthogonality will introduce scale factor
and cross coupling errors. ,The scale factor error is compensated in

a similar manner to that of the lateral channel by increased gain in
the processing branch. The cross coupling error cannot b. compensated
out except that it is constant over the angular range. The an3lysis

indicates that this error in roll can be reduced significantly by proper

selection of XMTR Wollaston prisms with the one htiving the least nonor-
thogonality between the polerization planes used in the roll channel.

The CONT LED control loop is nonlinear because of the applica-

tion cf the divider which regulates the modulation index and OONT LED
intensity. The control voltage is used to regulate the LED signal
and is applied to thc. denominator of the divider. Control loop gain
values were selected for the worst case condition, that is, when the

XMTR is at 4.440 C and the CONT LED intensity has degradated to the
point where the eytreme lower limit it the divider denominator ralls
for a maximum LED a.c. current of approximately 208 ma. The analysis
indicates thet the loop gain i,'ust be tailored for each individual OAMS
application since loop gain is dependent upon range and intensity of
thL LED. For a given loop gain, as the range decreases, the phase
margin decreases until loop instability sets in while an increase
in range would increase the phase margin and increase loop stability.

Loop gain values selected will maintain, assuming that the signal phase
shift are kept within some reasonable bound, LED balance at about one
per cent.

Detector/pre amp circuit analysis indicates the need of a damping
resistor to set the circuit damping ratio to an established value of

about 0.707. Without a damping resistcr the circuit is highly under-
damped and the signal is prone to modulation and perturbation by ei.c-
trical noise or variations in light intensities. It was also pro'ien
that the signal phase shift in each detec.tor/pre amp leg is constant
and is of the same magnitude. The measured electrical noise values
were 0.604, 0.437 and 1.504 my nis for pitch, yaw and roll, respectively.
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6.0 ADVANCED BRASSBOARD DESIGN

6. 1 ELECTRONIC DESICN

L The Optical Angular Motion Sensor Electronic Subsystem consists of
three channels operated on an analog basis with three distinct frequencies
of 925, 1850 and 3700 hertz for roll, yaw and pitch, respect- "ely. Each
channel is Integrated with three indckpendent optical subsys- ,ts for the
purpose of measuring relative angular displacement between two points in
a three-axis coordinate.system., The composite system is a precision
measuremen'. device that converts small angular deflections irc seconds)
in roll, yaw and pitch between a reference point and a remote poirt into
an electronic output. The assembly is shown in Figure 6.3-1.

Basically, the electronic circuits for each channel perform two
functions. That is, 1) an input to the system is provided in the form
of an intensity modulated light source about a quiescent: level and 2) this
1'%larized light source as a function of angular displacement and range is
detected. The resulting signal is processed to yield an electrical output

proportional to angular rotatlor,.

With the aid of the block diagram shown in Figure 6.1-1 and schematic
drawings (Figures 6.1-2 and 6.1-3) a comprehensive description of the
t.ncti mnal operation of the OAlS electronic circuits is presented. The
ulectronic subsystem description will be subdivided into the following
three subgroups: 1) LED drive, 2) Signal Pcocessing Electronics and
3) LED Control Loop. These three subgroups will be identified and their
functional operation and relationship upon each other described. Since
all three channels are essentially the same with exceptions for amplifier
gain values and operating frequencies, this section will, where practical,
addreF itself to a common description as indicated by the block diagram.
Each block is assigned a number for ide.ntification within the test.
Following these three subsections an e .ctronic net" ork/component descrip-
tion in subsection 6.1.4 will describe the individua , networks and com-
ponents and their application for the OAMS electronic circuits.

6.1.1 LED Drive

Two light emitting diodes (LEDs) located in the transmitter provide
the input light source for each channel. Each LED pair is selected to emit
energy in one of the three spectral regions to prevent cross coupling the
light between channels. In both the transmitter and receiver the principle
of duality was employed to increase system reliability and signal-to-noise
ratio (SNR). The modulation frequencies of operation for the channels are
one octave apart. This provides additional immunity to channel cross talk
si.ce even harmonics are averaged to zero with the aid of the synchronous
demodulator/low pass filter (5). Odd harmonics frcm a channel may enter
other channels but are significantly attenuated by the optical filters and
the .c.ion of the synchronous demodulator/low pass filters.

I6-I
6-1I

i "
j 4



F -~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __c 
c

______

14
C44

O-4

00
V4

I4 u

Ik Z. 4JJ
w V4 0 a.L

.0 q- F.4  A -A-v

r~~4 $... r.Ciw*
141

6-a2



R4

QC r

ýOK I ce1

60 0 ti z v 2 AP. PI

I',l G. 0
-L

*(awe

ClI-
__1_ ýWKA

L40 y 4f.V

*~~ ~~~~O A.NO IDErotEh\
~ VtI~ i~TO~.LT. ~

C_ ,iv LQ~ t FI 2~ei4 ~ ~SAI'
~~ ~ ~ ~ cgL~ .~

QV.~~~~ Ab PV1E'74

A~ . TQO Okyloa lts a-C4ifo TO Vt&(1 *T9TI4 '

sk :4 rlzmia tssiv'JTP +2t±*±4K 14G MAI* OOS A fz. TO 6
-eta

VSItWl-jW6v4'I too* "ao-

jt d '~ AC0ItfTEtoLTFwkCO

- -- - - - - . -3b



Is, -y__ -

I 00K

4, 9 - 7.Jc
S..4

c* - _ _ +.

to~t c IOO 276 "I Lb

-7 SYc- L .

M~K

lA boy *. %CYI -. . - - .

_____ _ ~L P



-.- ~t lilt
-~ 

4- R2 R21~ ~-

9 P

AILC'
0O~~B

y 00 140IC
~ .19Ott

7.J *J IV q~V

& .-

[B Pu -I7S

+7-Sy

__o b A__9 0 SolK4

e. =V~ M~.'. W

T2~ SP'i'tbU It

IIre

.4 . .4 - *+
. - It



0 OTT E 55R12._ .

VCAVET10 atg %LEC I SLlTkb k tot rOR. t*TEý7CZ i tEAMPta I G9_8
iAL jS ~L~OWS MM V"M'T )4IL-1-5,42E. NV(M COWAAC-Ef't-flC$ UCLJOING, 9,4¶..., toQ,

INNS Z hANC '7 ro 5E CoifCTt o-c> O
SE fA~LoG IKvit>ER ucrAiltZOK_

4 ~v-X_,A' Z.440w'. ýL' FT '.cl Coftittcr P'.4&tLýEL vZ 7A 2

M>-~AF *R IM -UP T14C C014TKOL 40LTA.6E 1kT PIN 8 Of 11H A.GC AWAJOG bIVIDE _.112S MFD I
5I4OVLr> APsE& Pko + vc YV~ IT*4 MAJL.OpI1ýRAT,NG L ioT(Fu#pJCT10 .:z-
OF VSTAkNCE/Ab4G..e Q1'C.; zy,.J -"t Zl'%.C745 -I -%%S -Z7.K 4 - -2S F I
RVý 'SNA.NC IF- Rt.QtD'- MhjKE rTA% vOTAI JNppP_0,+'5- -Y0C2 FL

TV i A,-* 0., VOLTA~t- Rtq FOR 'T; S~P DEtr 15 V NO 20

R 0 K 11

j cuK~ MCE 1z VE Am.sQ ýD- 0MCCjAC~(S QK2

C. I- CI -1. lFb Z cAPCIO Qg .. 3I Al 19.A5 ORP-7A IV

~CI Cv V_ %Ž~~ C_'n~ a- C4, C, Ip
ir RE SIS CO v-' _ _ C3 IVIF-4 I

~~74 GZ. rr __ tC2 :2MF z
*~~~~ ZW57 2.1) C~4iDAB U'J.TA

Mt____ T su(i- _____r RI. S4K

_ _ __ _ _ - t7 1i !jPFZ 4 jJ )K
C'I __ _ __ _ _ __ _ _ __ _ _ _ _k_

Alt -L Cf-)A - _ _ _ _ _ _ __JEP 06KT~iT 75ti =_______cl p Z 44.154 4- TsD pR 1!MOga;z.' ?2.ý E
yC.A. 004 __O C. hp 14~ Z ,0f"R

Io ~ Aoe P A._%IS ) R1__ ZOO1A. t

C ,( .III ý _ ____ ____ ___ cc* ~ 24 0 F

jul -A 7-172(-
____ __ _ _ __ _ _ _ b.fu T~

It_ _ _ _ __ _ _ _ _ IS.

-2,c K PtFvf A;., myD.R 77
-- _j~~~~ I 1Z0NMA2

CO YAW _,__o .3P-0'7 A

6.0s I 5 r sN 64lN I.

- 3%.Jw I ____________ pig____4__5!K__

ga. Q. " y, aTkzs1v? I- 0511

e 2-.J z2SJ.HFQ _LC ACI-O T
- c 4.mr0 I - -O

I= I .5IE51_lTOiz1 SSý

R E I_______________ __________________________In 00 1



,_AR____L_ MEN ____ M AD560 SOONN_ R4-_- __._._K I_ _r- S I S

h~fýCTT-t>RIO -IS ZOOK I R~F-51~ol

Z.4w SL'T tQT Po .LtcrP4&F- -Z -

RI4~~b ~ K I SK _

C S iZ tie:K _

V'T r I ERLi A~~TjSf),?*Fi :f

L ltAZ b PN 8 4 T h W5ZGCl IIJ*O ANALOG) __VI R~2D C

l-sE. o 9, Z r,-- -Cr .1125C MF I_____IT-
M ~ ~ ~ a C4 APo '.V CZMFD I ___-

t-e Sc I'~ NEi~ IF:' VI~"l i~r- z ACITOR
A. t4 

-a- -

P,'A QRIZ R35 49.5k 2 _ _ _ _ _ __ _ _ _ _

so __ 2400 P r IL SAMS= IroRI
____ ___ ___ ___ ___ ___ Cti - - - - -ýl

___2_ p__ cF CAP ACItO
_______)ZA Z TA-' -l W ?- C _T W.F __

______ " t ___________ OPO IA rp AY- --,ýp

.5 %!5-1I~ OR~ -o - Rit 6-_
01L 9M T _ _ _ 129 4K 3.5 .2 - _ _ __ _ _

-_______ R, ~ ic __
___St O K _ __ _ _

p~~Z I -TRUK -
-2uC)R 2t.4w'2 2 l-R __ _ _ __ _

__ _ _ __ _ - ___ -- __ _OWE

" o. li
0L2$ O 4k j_ _ _ _ _ _ _ _ _

PAC-ES _ _ __ ___r_

_ -T _ _ -OF SAIRA OFK W -1__ _

PMC ~ ~ ~-RIV I01-7.2________

pA~i~5i7 __ ___ ____ ___

_M -I* -t k

-L / _ _ _ _ _ _



-4.144

JI2

P.0~

Pam *JPA7701/

R'O~P -- -

,.:.ago"

iAar-



-I&

*webW

-t 

K
t MA 

p

LL- 

-7s

C-LI

~~ 1~I A i f 

K

*7~Z-1 

77CA 7?
- -I-'a

7_7 

a U, . ' 

* -



-- o-- - n -- n v -W~~

IOOK Z"W--SY

VOU4H
"4li

4II.5+1CV

WK -- oLp V

pigs

41V~- , I

I.a

iY4

, *'** AA5 *, -. **

4 --~*- 1¶ ~... *-4,J#' -'-~W



NO EE 5
f OL7AGE. REP -M~ BE 726 FMR%1I12N ME1AN MAUL3

mT5Sm~CE. iLUE 04S FO~LLOWS: bidAs.
*15V Z w "? -TO It~bC J~ .... t. 1. f

4 3ke~tM RLW.TMbIACe VA'L1)ES -wOvd. 5~3.C1 FOR coamr-a PU&Zz- 1

V~-UJp Tht C0#4TML VOLTA4t j6 p~m a af 1TE ASGCo A4MAL)G VI

- - bE M APIW% +9- VC virr#4 m"X. OPERATNQ ~~(C .A..O~.VLhG O I1 L6~~IJi.4

di~~~~ 

-tr -ora 
to c * EII

Z& vr. It 2AS 0ý

r- RE I --

1' -t -" 79 -_

............... 1 4

o-AMPLI F I -

,A.

17.11 VD44 I- - -

"0. INC- S%40
st OF - -A

7-~ N;

io 
A-\



~OK L TOP.,

.A - A

rrW -t% OPRA04 LGA(_MC 0 C ._6 m I-_wT

-9 O - 3Q)fSI

~-To

fe ~ ~ ic 115 10K

-lc -ZM-D : A 32F

af TROR-

40 - _ _ _ __r tTtf

*u.~~2 TPRl~~: ~

A. r- I _

1Rt

LP,-

T RAI:~-

- Z ~ .

~r



The LED drive paths are simi lar e: _ett that one LED is used as a
;eferetice (18) and the other controlled (16) thro.ql,h the action of the
analog, divider ('4). The tl;,ing fork cscillator so:plies the sinusoidal
signal used by the drive circuits A voltage reference (20) supplies
the d.c. bias for summing with the simnsoidal signals to prov;de the

composite signalt for the LED drive networks. In both the reference (18)
and the controlled (16) LED drive networks, the LEDr are connected be-
tween the + 7ý VDC supply and collector tie points of the darlington
transistor pairs. In tHis configuration each LED operates about a bias

current and is bounded such that the transistors neither saturate nor turn
off. The a.c. signal current amplitude and the d.c. bias current ampli-
tude for the reference LED (18) is fixed such that the controlled LED (16)
can operate ir. •ower output above and below the refei nce output for LED

balance as seen at the detector/pre amp (1) outputs.

The analog divider (14) performs the followiug function in controll-
ing LED (16) signals. The analog divider controls the composite drive
signal amplitude The divider output is described by the following equa-
tion where Z is t.,e composite signal (dividend) and X is the d.c. com-

ponert (divisor). The X component is the controlling parameter.

vo0 = + 10- --

LED drive network (15) supplies drive current through the controlled
LED (16) and LED drive network (17) supplies current through the reference

LED (18).

6.1.2 Signal Processing Electronics

The function of the networks in this circuit is to operate on two
electrical signals, which are proportional to the light sources seen by
the two detectors (1), such that the electrical output of the snychronous
demodulator/low past; filter (5) represents a relative difference in angle
between the transmitter and receiver. The electronic networks r'quired

for this pricess art! identified in figure6.1-1 as Blocks I through 9 and 21
with Block 6 being the digital panel meter/indicator.

The two silicon detector diodes per channel (1) are operated in a

photovoltaic mode where low noise equivalent power (NEP) is achieved. The
signals from each detector are preamplified by low noise operational amp-
lifiers and supplied to the difference amplifier (2).

Should an angular difference exist between the transmitter and re-

ceiver, two a.c. signal components (d.c. blocked by capacitors in Block 2)
are applied to the difference amplifier. Since the signals have a 180 de-

gree phase difference, the composite ou.tput signal (VD) is effectively the

sum of both input signals. This action doubles the signal level and cancels
out common mode noise components. VD is the dividend for the AGC analog
divider (4). The divisor X for ACC analog divider is obtained by use of
the summing amplifier (7), low pass filter (8) and inverter amplifier (9).

The output signal from the analog divider (4) is applied to the snychron-
ous demodulator/low pass filter (5). Outpuat from the synchronous demodu-
lator/low pass filter (5) is proportional to and represents the angular
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rotation between the transmitter and receiver. This analog voltage is
supplied to the digital panel meter (6) where It is converted to a digital
signal and supplied to its indicator for decimal read-out. Low pass
filter characteristic-s for Blocks ", 8 and 10 are shown in Table 6.1-1.

With VD as the dividend and VS as the divisor the analog divider (4)
el fectivelv normalizes the difference signal, VD, for variations in light
intensity for a giv-n angular position. The light intensity changes may
be due to 1) detectoz and LED rosponsivitv degradation, 2) non-uniformity
in LED light pattern and 3) change in range. This action of the divider
on the difference signal is termed automatic gain control (AGC).

Because the roll channel has an optical angular sensitivity of 2
versus ýO for the lateral channels, additional gain is required in the roll
channel to compensate for this condition.

Both the synchronous demodulator/low pass filter (5) in the signal
processing electronics and the synchronous demodulatortlow pass filter (10)
in the LED control loop receive their reference signals from the phase ad-
just and square wave generator networks (21). There are two reference
signals to each demodulator. A pair of reference signals to a demodulator
has square waveforms and 180 degrees difference in phase. Their phase
relative to the signal is corrected in the phase adjust section of this
block (21). The input sinusoidal signal comes from the Tuning Fork Oscilla-
tor (19) isolating amplifier.

6.1.3 LED Control Loop

The purpose of the LED control loop is to drive the controlled LED (16)
in a direction such that as seen by the balanced detector/preamplifiers (1),
the controlled LED (16) and the reference LED (18) will have equal light
output. This is accomplished in the following manner. Wben the intensity
of both LEDs at seen by the balanced detecror'preamps (1), is the same
(balanced LED condition), there will be no a.c. at the signal frequency on
the sum amplifier (7) output. Possible even harmonic distortion will be
ignored since it will be averaged to zero in the synchronous demodulator'
low pass filter (10) and will not affect LED balance. When the intensity
of the LEDs, as seen by the balanced detector/preamps (1) is not the same
(unbalanced LED condition), there will be an a.c. signal at the channel
signal frequency on the sum amplifier (7) output. This a.c signal is used
to drive the LEDs to balance.

Two cases will be described. First, at zero angle between the trans-
mitter and the receiver, there will b? equal light from each LED on either
detector. With the 180 degree phase difference between the two LEDs a.c.
signal components on a detector, there will be a steady d.c. light level
on each detector when the LEDs are balanced. There will he no a.c. on the
sum amplifier (7) output since there was none at the input. When the LEDs
are not balanced this will not be true. In the extreme case ol inbalance
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where ona I ED is extini uished for , <ample, there will be equtal light on
each detect or I rom lie "ON" 1!.") with the a.c. corrponents on each detector
in phase. When the detect ir'lpreamp (1) out puts are added under this con-
dition by the stum amplifier (7) there will be a.c. signal at the channel
signal freqkient % on the s.um out put . This -,.c. sigdnal after svinchronous
demodulation in svnchrono, s demodulato:, low pass filter (10) is used to
drive the controlled LED (l10\ toward a balanced condition with reference
I,ED (18)

When there is al' anle other than zero between the transmitter and
'he receiver, the light from one LED is increased on one detector and re-
duced on the other detector. Light from the other LED is increased and re-
duced on opposite detectors from the first LED. Under the balanced LED
condition, addition of the t'wo detector/preamp (1) signals with the a.c.
components equal in amplitude and having a 180 degree phase difference re-
stilts in a d.c. otutput from sum amplifier (7). When the LEDs are unbalanced
this is no longer the case. If utnder the extreme unbalanced condition where
one LED is extinguished, the output from both detector'preamps (1) are in
phase although not having equal amplitude on each detector. When added by
sum amplifier (7) there will be an a.c. component which when demodulated by
synchronous demodulator'low pass filter (10) provides a control voltage to
drive the controlled LED (16) toward the referenced LED (18).

The cases described used the extreme condition of unbalanced LEDs in
which one LED was extinguished. When there is any unbalance, as seen by
the detector preamps (I), between the LEDs there will be an a.c. component
on the sum signal which when demodulated by synchronous demodulator'low pass
filter (10) will provide a correction voltage to the analog divider (14) to
balance the LEDs.

The LED control loop is implemented in the following manner. Any a.c.
at the channel frequency and phase is taken from the sum amplifier (7) and
synchronously demodulated by synchronous demodulator'law pass filter (10).
Hebre quadrature signals and even harmonics are rejected and the proper signal
is converted to a control voltage to drive the controlled LED (16) toward
the reference LED (18). This signal is supplied through a compensation net-
work (11) for control loop st-ibilitv to gain amplifiers (12), and the output
from these amplifiers is supplied as the contril voltage to the analog
divider (14) which supplies signal to the LED drive network (15) described
e,;rlier.

6.1.4 Electronic Network/Component Description

The purpose of this subsection is to describe in more detail the indi-
vidual units that are used in the OAIS electronic subsystem. The previous
sections described the functional operations required in the electronic
subsystem while this subsection will be less general and will focus on the
specific applications and type components found in these units. Each unit
may contain one or more of the networks or circuits identified in the block
diagram of figure 6.1-1. These units are located either on circuit boards or
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housed within the main chassis or in the transmitter or receiver sub-
assemblies as shown on the schematic drawings (Fitgures 6.1-2 and 6.1-3)
For description purposes each unit will be categorized according to wheth-
er its function is related to: A) !.ED drive and control loop, B) Signal
processing electronics or C) P1urchased subassemblies. Refer to Table 6.1-2.

6.1..4.1 LED Drive and Control/1.oop Units

6.1t.4.1.1 LED Drive and Amplifier

This network contains the drive circuitry for borh the controlled

and reference LEDs and operates in Lhe following manner. The oscillator
output comes in to Board BI through pin 7 to amplifier Al. This amplifier
removes any d.c. from the oscillator signal, is a high impedance to the
oscillator output, and provides a low impedance ouiput to the drive net-
works. It has along with all other amplifiers in the OAMS system, ver-,
.Vow offset and offset drift with temperature, low noise and high open loop

g•ain. The output from amplifier Al is supplied to the reference and to
the controlled LED networks.

Also supplied to these networks is a stable d.c. voltage to he summed
with the a.c. signal just described. The d.c. reference voltages are form-
ed on Board BI in the following manner. Stable and tem.perature compensated
volt:age reference labeled DCVR supplies a d.c. reference voltage which after
being attenuated to the proper value by a resistor network is supplied to
isolating amplifier A2. This unity gain amplifier with low output impedance
supplies a positive d.c. voltage for use in the controlled LED drive network.
The output of amplifier A2 is applied also to the Input of unity gain invert-
ing amplifier A3. The output of amplifier A3 is a negative d.c. voltage for
use in the reference LED drive network.

The a.c. and d.c. signals are combined in the following manner in the
drive networks. The positive d.c. voltage from amplifier A2 is added to
the a.c. from amplifier Al and also the polarity of both are inverted in
summing amplifier A5. Amplifier A5 output is supplied through gain control
analog divider ADI with the same negative polarity to inverting amplifier
driver A6 with the driver output from transistor Q1 on the chassis to re-
sistor R1 having a positive d.c. component. The negative d.c. output from
amplifier A3 is added to the a.c. from amplifier Al and both inverted in
sumning amplifier~driver A4 with the output from transistor Q2 on the
cha~ssis to resistor R2 on the chassis having a positive d.c. component.
Although the d.c. voltage component across these resistors RI and R2 on
the chassis is positive, the a.c. component has a 180 degree phase shift
betsteen the two. This is true since the a.c. was first added to the posi-
tive reference in the controlled LED network and then Zhe a.c. was added
to the negative reference in the reference LED network.
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1-tuv vol tage re! erencv i,, an, AnalIor' De' ice Al)',u 03 Tb~is c omponent
wil II e replaced by a Nati.Ional1 Sermitondti tor !2.lP49AIl-20 gs-3 prec is ion

voltage referenced on lthe Ilight :Nodel OAMS This .oltaze ret erence ha~s
a tenrpera ttnrc coeff icient of bettecr thant ppr. Oc The Afl',a-S has a
temperat~irc- coeff icient het er thani 41. tnpn; ')( All op-amps fear-ire low
of fset and low noise The anal ow di . uder is ant Ana log lDevi~ MV.15
screen;vd to SAM() requirements. l~l-s div'ider if h nodtile and ',-as acetir-
acy and elet. r-ical speccfi~ations reqttu red , 11 v 00Vs s Ft em.

6. 1.ý4 1 2 R~eference and (Xtnt rolled1 1EI~s

These l.EIM art, located tin the ranirt~ r hev a r: i denti i ed in
Table 6.1-3.

6. a 4.1. 3 Synchironous lDemo-duiator Low Pass Filter

Any signal at the channel I requene. f romi the stij jnin ampli jer 1t2-A3,
leaves pin 9 on board B,2 and enters B%. pini 10 to the svnicl-ronorrs der-odij-
lator'lo pass titter. Ilie circuit operates in the following~ manner. Thle
signal from plan 10 onl B4 passes through capacitor C! and a resistor ret-
work Ito pin 3 on non-invertingv and iunitYv gain amplifiers Al And A2. ("ttutit s
from. Al and A2 are Supplied to the differeniial iniput amplifier A3. Chopper
transistors QI and Q2 alternately and synch.-anousiv groun~d the Inputs to
ampl'fiers Al and A2 at a time when thre a.c signal Is crossinga zeru. Th e
OUtPULS from Al and A2 are half wave rectizieA signals reversed in polarity
with the At signal out~put occuring on one hall cycle and the A2 sisgnal out-
put occuring on the fol lowing half cycle. if these two signals were su~trne',!
the original sine vave representiiv, LEI) unbalance wouild he reproduced.
Thete two signals are supplied instead to a differential input. amplifier A3.
howevz-, and the single ended output is a full wave rectified si-nal which
is averaged to a d.c. value In the following amplifier filter network con-
sisting of amplifier A4 and associated componenta. The filter characteristics
are described in Table 6.1- 1.

6.1.4.1.4 Compensation Network

Following the low pass filter on board B4 is a lead compensation
network for LEDi control loop stability. It consists of resistors RlI and
R20 and capacitor C4. The closed loop output. imtedance of the filter
amplifier A/4 is very low and the cloaed loop inpu, impedance to amplifier
A5 to which the compensation network ouitput stipplit.'t is verv hivh. This
imp~edance is such that the compensation network is iffected insignificant-
I- by its source arnd load.

6.1.4.11.5 Gain Amplifiers

Chi board 4 amplifiers AS and A6 with associated components increase
the loop gain of Mhe LED) control loop to minimize the LFI) uinbalance to the
degrei. required by the OAS accoracy requirements. TW.o stages are requir-
ed to redruce the phase shift caused bv tho op-ampp.s at the requiiredJ closed

loop gainl.
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0. 1. 4.1 .6 phase Adjust Square Wave Generator Network

The squarre wave synchronous clemodtilator reference si.gnals supplied
(o pins 7 and 15 on board 114 are generated on board 115 in the following
manner. Oscillator isolating amplifier Al on board Bl supplies an a.c.
signal from the oscillator through pin 18 on board B5 to two phase ad-
just resistance-capacitance networks. One R-C network output is supplied
to isolating amplifier Al and the other to isolating amplifier A2. The
output from amplifier Al supplies an input to dual comparator A3 and
amplifier A2 supplies an input to dual comparator A4, both in the follow-
ing manner. The series RC networks act as loads and also prevent output
offsets from amplifiers Al and A2. The parallel diode pairs connected
to the comparator inputs serve the following function. At low signal
levels where the input is crossing zero voltage, a diode pair will present
extremely high impedance to the Input signal. This is desired since this
is where the comparators switch and their input signals need to not be
attenuated. After the switching has occurred and the input has increased
in amplitude, however, a diode pair provides a charge-discharge path for
the capacitor connected to it. Thus the non-linear characteristics of the
diodes are utilized for optimum circuit operntion. Square wave signal out-
puts leave the dual comparators A 3 and A4, one pair to the control loop
demodulator on hoard B4 and the other pair to the channel signal demodulator
on board B3. The two square wave signals in each pair have a phase differ-
ence of 180 degrees. Two pairs are required since the phase sblifts of the
reference square waves relative to the oscillator input, are not the same
for the control loop pair and for the channel signal pair. The fast rise
time square wave comparator outputs are supplied through shielded wires to
their loads to prevent radiation or capacitave coupling to other networks
in the system.

6.1.4.1.7 Amplitude Limiting Network

Should the output from pin 20 on board B4 be small enough representing
large LED unbalance, the following events can occur. This output is the
control voltage to the LED balance analog divider located on board B1. This
control voltage is the divisor of the analog divider and as the divisor de-
creases the divider output increases. At some point the LED driver output
driven by the divider will distort due to limiting or saturation. If this
happens even for a short period of time it has been found that the distor-
tion can cause the control loop to drive in the wrong direction and latch
up. This could happen during turn-on of the system, To prevent this condi-
tion the resirtor network consisting of R14 and R15 and the diode CR1 were
added to provide a lower limit to this output from pin 20.

6.1.4.2 Sigpal Processing Electronics

6.1.4.2.1 Detector and Preamplifier

The three dual detector/preamplifier pairs are located in the receiver
and convert the incoming light to electrical signals for the channels. .The
preamplifiers are located close to the detectors to eliminate noise and
pick-up. The detector signal is amplified and the pre-amplifier has low
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oi0, ii1 implCa~lle(e 10 noise and pick-top. T)li e 1)reanipl I f -r is a cot rrent t.o
voltaI,',i coiverlt r wiLh the delector operating if) the photovoltaic mode.
The opterational amplifiers feature low noise voltage, s,'all output offset
and Itw output offset drift with temperature.

0.1.4.2.2 Differential Amplifier, AGC Analog Divider arrd Gain Amplifier

Signal inputs to this network on board B2 are supplied by the detector/
preamp through shielded cable to pins 11 and 12 on board B2. The different-
'a] amplifier consisting of amplifier Al with associated components differ-
ences the 180 dey.,ee phase differenced a.c. signals which is the same as
adding them in phase, and amplifies the result. The d.c. is blocked by
capacitors Cl and C2. This signal is further amplified by the non-inverting
stage consisting of amplifier A2 and associated components. Any d.c. offset
coming Into amplifier A2 is blocked by capacitor C3. The output from ampli-
fier A2 is supplied as the numerator to AGC analog divider ADI. Here a
filtered and amplified sum signal, next to be discussed, is applied as the
denominator of the analog divider resulting in the divider having an output
signal independent of changes in light intensity as seen by the detectors.

6.1.4.2.3 Summing Amplifier, Low Pass Filter and Cain Amplifier

Signals coming from the pair of channel detector/preamplifiers to
board B2 are added in the sum amplifier consisting of amplifier A3 and
associated components. Output from this stage is supplied to the low pass
filter consisting of amplifier A4 and associated components and also out
pin 9 to the LED control loop synchronous demodulator on board B4. The
lov pass filter iust referred to has characteristics shown in Table 6.1-I.
Output from the filter stage is amplified in the inverting amplifier stage
consisting of amplifier A5 and associated components. The gain of this
stage sets the operating point of the denominator of the analog divider to
which the stage output is connected. The analog divider output, next to
be discussed is supplied to the synchronous demodulator on board B3.

6.1.4.2.4 Synchronous Demodulator/Low-Pass Filter

Signal from the AGC analog divider on board B2 is supplied through
pin 10 on i.oard B3 to the synchronou,, demodulator on this board. This
synchronous demodulator/low pass f•iter operates in the same manner as
the one described in the section 'XED Deive and Control Loop Units. The
filter characteristics are given i, Table 6.1-1. The reference signals
are supplied by the Phase Adjust and Square Wave Generator network describ-
ed earlier in this section.

6.1.4.2.5 Fhase Adjust and Square Wave Generator Network

The phase adjust and square wave generator network for the signal
processing electronics was described earlier with the similar one under
LED Drive and Control Loop.
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6. 1.4. 2. 6 l)igital Panel Meters

The output siginals from the filters on ,1e thr. e channel hoards 113
are applied to terminals J4-15 on the panel meters located on the chassis.
Three analog Lo digital panel meters (one per Ll-arUel) are employed for
the purpose of monitoring the angular difference hetveev the kransmitter
and the receiver. The model number is AN254"', a product of Analovic. 'Pie
accuracy is 0.017 Lt 23 deprees centeg.rade. The display has five digits
with provisions for progranmmehle decimal point selection. Operating, temp-
erature range is -10 0 C to +450C. Suppb, voltaioe is 117 volts, '0'A.0 Hz.

6.1.4.3 Purchased Subasseitmbiics

6.1.4.3.1 Oscillator

The oscillator provides three irterlocked frequencies of -25 Hlz, 1850
ttz, and 3700 ltz all derived from the same tuMinIg forF source. The elect-i-
cal specificatious are as follows:

Output Frequeucy Accuracv: 4 17
Output Frequency S-abiliry vs Temp: .17 , -20°C to +60 C)
Output Frequency Stahility vs Time: + ."'Ivear
Operating Temperature Range: -20°C to-+60 0 C,
Output Wave Shape: Each output shall have less than 17. distortion
-Output Wave Shape Stability vs Temp: .Each output waveform shall

reutin constant in amplitude within 4 0.!7. (-20 0 C to '160°C)
Output Wave Shape Stability vs Time: Each ourput wavefor-n shall

remain constant in amplitude within + .t3'Ivear

Oscillator Supply Voltage: + 7½!ý VDC
Oscillator Power Consumption: As small as practical
WBF - 0.5 X 10 exp + 6 hrs.
Useful life 0 iO,000 hrs. min.

6.1.4.2z.2 Power Supply

The power supply has the following electricrl specifications:

Input- + 23 to + 34 VDC with a + %6 volt trp-tient for 10 microseconds
at a rate of five per second as defined in MIL-F-8983R. Sectien
328. NIOTE: Chrysler is to provide the negative 1 rotection b;
the addition of a 10 microfarad capacitor across the input linus
along with a series diode with a breakdown voltage not less than
100 VDC.

Outputs: The following voltage-: w.izh the following individual cir-cuit
capability shall be .'rovided while maintaining a mAxitzum 30
watts at 40°C or 25 watts at 100 C case temperature from all
iour outputs.
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SlV "I 7.902 Watts
- IW rV 7.902 Watts
+ 7.5 V : 17.184 Watts

- 7.5 V (- 3.684 Watts

Efficiency: Approximately 55%/ at rated load and 50%
at one-third the above rated loads.

Ripple: 100 milivolts peak to peak.
KrBF - 4.35 X 10 exp + 6 hours min.
Useful life - 10,000 hrs min.

Wiring Diagram and Circuit Board Layouts

Figure 6.1-4 shows the complete wiring diagram for the electronic.
unit and the interconnecting cables for the transmitter and receiver units.
The circuit board layouts with the major components indicated by the
reference numbers from the electronic schematic diagrams are shown in
Figures 6.1-2 and 6.1-3.

6-16

"- --- - - . - -. -- ,- -2-, , J- - - - I . .. .



r t I

I ______________________________ -

= .-.. -

i I
L4
-I ga -

I -I ____

�Mvtr�� ______

2 3

t' I

- C *D� e -

I
7
1 1

I I �L.
r rI I '

- -- �

� �'�-:- ---------- - - a -

* � I -

- .* - II. -

'� � * * IA .-
tS� *� -

*-.�' -�* �

- -

-.- ::��::'-- � .�*.L - :-� - - - - - - - - 1 * P



_ ER

". . ............ ..... I .......
-1 

. . I U. l q

j rj ... •" " t1.

- -i

-_ ___ _ _ _______ 2 _ ,, I

ASSm

[ _ _ _ -- - - -- 
- •- • 

- - - - , 0

- -i 
-

I4PS!= II) W A

"" 

_ 

-

I 
-

--. 

I -•~-~ ~t~ -

-------
*--- 

------ I-"



ROL.L

'II

I.. I T I I- T -

- - -;-

I__ _ _ T

I I T

-4 1 -T I T .

Al1

-. L ~~ 4~R L - i ONO

_~~~~~~o 

i~~*~ --~~z ---



~LJ4-X

A.K

ra 7b

- I

4Tr VL -. - 9

*~~'~I '7 RIO

lit * I. j ' n. e



dti"

4.1

~Ncc

"Mix

-V

84 -- 4P



P-ITCA

-T-T

ty4



LU

0.2 AI)•ANCEP BREADBOARD OPTICAL I)ESIGN

6.2.) Transmitter

The transmitter optical design is shown in figure 6.2-1. A simple
collimator is required to image the light emitting area of the LED at
infinity. The focal length of the collimator is adjusted to provide the
desired field of view (FOV) or angular beam spread. The design is some-
;,hat complicated by the fact that as a unit, the LED's are not Lambertian
emltters, and the brightness or intensity as a function of angle of emiss-
ion differs greatly from unit to unit. Also, it has been found that the
emitting area is not of uniform brightness. Dark spots are not uncommon.

An objective lens is used to collimate the light emitted from the
LED. One-half of the light from each LED is transmitted in the appropri-
aLe polarization mode, by the Wollaston Prism. This linearly polarized
light, is then changed to circular by the quarter wave plate. The light
from one LED is right-hand circularly polarized as it leaves the quarter
wave plate, while the light from the alternate LED is left-hand circularly
polarized as it leaves the wave plate. These two light forms are then
changed to elliptical as they pass through the angle sensing crystal (ASC).

In the previous phase a single collimating lens was used for thr- two
LED'!; as shown in figure 6-2-la. However, in the present phase three
different LED's were found which have a higher output power. Consequently,
after some laboratory testing, these new LED's were selected for the flight
model design. The new LED's, however, have a smaller effective emitting
a'::ea than the previous LED's and therefore require a shorter focal length
colliauiting lens for the maximum beam intensity. The optimum lens as de-
tervrired from laboratory measurements was a lens of approximately 12.0
millimeters focal length. The lens is aspheric plano-convex and corrected
for minimum spherical aberration. This focal length is much too short to
use In the configuration of 6.2-la, because of the mechanical contraints
imposei by the physical dimensions of the LED's and their holders. There-
fore, a separate lens is required for each LED as shown in figure 6.2-lb.
Further details of this configuration are shown in the section on the
optical design of the flight model transmitter, section 7.2.1.

It was decided to incorporate this collimating lens modification into
one of the present channels. The pitch channel was selected for this modi-
ficatiton. The pitch channels conform to figure 7.2-lb and the yaw channels
conform to figure 7.2-la. The roll channel is also similar to figure
7.2-.la but with the omission of the angle sensing crystal. The improve-
ments of the double collimating lens system over the single lens system
are shown in Table 6.2-I.
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Figure 6 .2-1a. Advanced Brassboard Transmitter-Yaw Chennel.

ASC

IE

Figure 6.2-lb. Advanced Brassboard Transmitter-Pitch Chpnnel.
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TABLE 1 '.2- I

COII,Tr~VFEI'I) I.CIlG T (MI'rPITr WITII VARTOI.S I,ENS

REIIATIVE, PEAK OUTPIrl'

I'_) 12 m Apheric 15 rmin 20 mm

SIll- 19B (M) 419 210 269
"S lIt- 19B (N) 529 281 349
SLIt-20A(N) 319 139 170
SLII-20D(N) 659 249 322
SL-1162-3#l 659 381 495
Sl-1162-3#3 517 537 709

In every case but one the maximum output was greatest using the
12 mm aspheric lens with each LED. A possible explanation is that spher-
ical aberration of the 15 mm lens (which is f/1) is greater than that of
the 20 mm lens and that the 12 mm aspheric has the best correction for
sperIcal aberration.

The output of the SLII-19 and -20s are very nearly Lambertian while
the SL1162-3 LEDs are more directional. They have a reflector placed
near the emitting element which accounts for the "shoulders" in the in-
tensity output plots (Typical plots are shown in Figure 7.1-4). The fact
that the output of the #3 SL 1162-3 with the three lenses is not greatest
with the 12 mm lens may be due to this LED having a narrower angular out-
put and the faster lens is not intercepting any more light as in the case
of the other LED types.

The required field-of-view of 1.1 degrees was met or exceeded in
every case.

Mechanically, the eccentric mounting adjustment for the LED was removed
because of: I) the new LEDs had improved manufacturers mechanical tolerances
of positioning the active area and 2) shorter focal length lens were necessary
to increase collection efficiency, but would amplify the eccentricities. The
new lens collimating system was incorporated in the pitch channel. The
eccentric mounting is also removed from all of the channels in the flight
model design.

Table 6.2-2 is a listing of the components of the transmitter and
their specifications.

6.2.2 Receiver

The receiver optical design it shown in figure 6.2-2 and table 6.2-3
which gives the dimensions of the elements. The first element is the angle
sensing crystal (ASC). This element is omitted in the roll channel and is
replaced by a plane window. The angle sensing crystal is two millimeters
thick, which provides an optical gain at the nominal system wave%
length. ('rte gain does not vary significantly over the different channel
wavelengths). The Wollaston prism Is next, followed by an interference
filter. Off-the-shelf filLers were selected for each channel such that the
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t ralnsmi ssion versus wa vel o;no I. cha • act eri s i s provide! tlhe I east c.ross
coupling between channels. rhe eletnen,.s up to and including ,h., filter
are plane-parallel cumponents having zero power and do nor enter si'-nifi-
caitlv ;nto tbe optical design.

The system stop is located at the firt surface of the instrument
faceplate. It is approximately 13,0 millimeters in front of the Angle
Sensing Crystal. Subsequent ray trace calculattons have showr that place-
ment of the stop at the first surface of the Woliaston Prism will signifi-
cantly reduce vignetting a,",, reduce channel cross- coupling particularly
in translation. The stop has been cepositioned in the flight model design.

The optical detectors are RCA C30852 single-element silicon photo-
voltaic pholodiodes. The detectors are positioned slightly --ay from the
objective lens focal plane. Py slightly diifusing t'• lf.ht spot on the
detector local vsr'.•t -ns of responaivity across the detector can be
reduced

6-24
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6.3 MEClIANI,.A1 DESIGN

6.3.1 Mechanical Design - General

Three assemblies are required for the sensor, a transmitter, a
receiver and electronic unit, the units being positioned remote to each
other as shown in figure 6.3-1. Ilie transmitter and receiver mechanical
assemblies are shown in figures 6.3-2 and 6.3-3. These assemblies each
contain an optical package and an Olectronics package; the electronics
package can be removed from the optical package without changing any opti-
cal component alignment.

The transmitter and receiver assemblies are hermetically sealed
and the sealed containers will be purged with an inert gas prior to fill-
ing to a low pressure. Therefore, components of the transmitter and re-
ceiver assemblies would not be exposed to space vacuum c)nditions. This
will prevent outgassing from surrounding components or from the optical cor-
ponents themselves from affecting tt-e quality of the optical components.
Outgassing on lens and angle sensing crystal faces would cause image blur
and light transmission loss.

lmne reference surfaces (optical) are aligned witr, an autocollimator
for the transmitter and receiver assemblies. The two assemblies are clamp-
ed to their respective reference platforms or positions, and autocollimated
to each other to give a parallelism accuracy between the reference surfaces
of + 0.001 inch.

The required thermal stability that is necessary to obtain the accuracy
ot alignment is provided in the mechanical and structural configuration.
This configuration has characteristics that allow a single unit construction
matching capability. The multi-component mounts are positioned in cylindri-
cal holders to ease the optical axis alignment problem. The thermal con-
trol of the sensor is accomplished by passive methods using the structural
material (aluminum alley) and, if needed, thermal coatings to give the de-
sired amount of conduction and radiation as a meanq of heat transfer.

The angle sensing crystals which are the critical optical elements
are so constructed that the two axes that Lre 900 apart have the same
thermal gradient. Therefore, the temperature range requirement will have
no ,ffect on the angle sensing crystal measuring stability, provided that
the e!lements of the angle 5ensing crystal are mountel together. This
assures a uniform distribution of temperature

6.3.2 Transmitter Design

The main transmitter housing is bored out from a one piece block of
aluminum, into which the angle sensing crystals are hard mounted for the
three channels. The shoulder, to which the angle sensing crystals are
b,;tted, have been machined and lapped to 8-12 micro Inches, into this
shoulder is the "0" ring groove which allows the compression of the "0" to
completely fill the volume of the groove when the P-igle sensing crystal
bottoms on the housing shoulder. Behind the angle sensing crystal is the
quarter wave plate, spaced between these elements is a teflon shim or washer.
This subassembly is clamped together by a threaded lock ring. The complete
assembly is backed up by a wave spring washer. The amount of compression
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that is applied to the complete assembly through the wave spring washer
allows the angle sensing crystal to bottom onto the lapped surface of
the main housing. This pre-assembled unit is positioned in the main
housing and locked in position with screws, using dowel pins as guides,
aiygainst the back face of the main housing. The Wollaston, collimating
lens and light source are a pre-aligned assembly unit and are positioned
in the main housing by pressure from a wave spcing washer and a lock
ring. The angle sensing crystal is also held in positio by the load
applied by the wave spring washer and the front mounting plate. One of
the assemblies, with its an 'e sensing crystal and qurrter wave place,
is used for each of the lateral axes (see figure 6.3-2). This assembly
has provision to align the Wollaston prism, collimating leýns and the
light emitting diodes (LEDs). This mechanical adjustment is required
to al'ow for tojerances in the Wollaston divergence angle (off-the-shelf
Wollaston have - 20 tolerance on divergence angles). The adjustments
for the Wollaston prism are line of sight positioning and roil. The LED
and its collimating lens have mechanical movement adjustments relative
to each other. The collimating lens is used as the fixed reference,
and the LED can be adjusted along the line of sight for fncusing the
collimating lens on the light emitting area in the LED. The light emit-
ting area is not necessarily equally spaced around the mechanical center
line; to adjust for this the LED is mounted J.n two eccentric sleeves.
This allows the LED to le rotated until the light emitting area center-
line is positioned on the optical axis. When the adjustments have been
completed, a sleeve and jam nut lock the assembly in position. The
LEDs are mounted directly in a special sleeve that will allow the heat
generated to be conducted away to the main housing.

6.3.3 Receiver Design

"rhc main receiver housing is bored our trom a one piece block of
aluminum, into which the angle sensing crystals are hard mounted for the
three channels (figure 6.3-2). The shoulder for the angle sensing crystal
is machined and lapped to 8 - 12 micro inches; into this shoulder is the
"0" ring groove which allows the compression of the "0" ring to completely
fill the volume of the groove when the angle sensing crystal bottoms on the
housing shoulder. This sub-assembly is clamped together by a threaded
lock ring. "his complete assembly is backed-up by a wave spring washer.
The amount of compression that is appliem to the complete assembly, through
the wave spring washer to allow the angle sensing crystal to bottom onto
the lapped surface of the main housing, is provided by the housing of the
sub-assembly holding the Wollaston prism, objectives lens, field stop, and
detection and iLS field lens. This pre-assemoled unit is positioned in
"the main housing. It is locked in position with screws, using dowel pins
as guides, against the back face of the main housing. The wave spring
washer is compressed to give the i,•le sensing crystal the hard mcunting
against the lapped surface. One of ti.'se assemblies with its angle sensing

6- 29



crystal is used for each ol the lateral axes; see figure 6.3-.3. The
assemtblv has provisios) to align the prism with it3 objective leis to

th,ý detector and its field !ens. This mecha,-Oca! adjustment is required
to allow for tolcrances in the prism divergence angle (off-the-shelf
Wollaston prisms have + 20 tolerance on divergence argles). The adjust-
ments for the Wollaston pri.sn and its objective lens are axial and roll.

The detector and its field lens have mechanical adjustments for

movement relative to each other. The field lens is used as the fixed
reference, and the detector can he adjusted along the line of sight for
focusing the field lens on the a,:tive arcea of the detector. The acri.e
area is not necessarily equally epaced around the mechanical center
line. To adjust foa this the detector is mounted in two eccentric sleeves.
This allows the detector to be rotated until the active area center line

is positioned on the optical axis. When the adjusto'ents have been com-
pleted, a sleeve and j8M nut lock the assembly in posit.on.

6
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7.0 FLIGHT MODEL DESIl(N

7.1 FLIGHT MODEL ELECTRONIC DESIGN

The electronic circuits f(- the flight model OAMS will be the same
as for the advanced brassboard. Schematics are shown in Figures 6.1-2 and
6.1-3. The circuit layout and nunmber of printed circuit cards will of
course be differont than shown on the schematics for the advanced brass-
board. Components, to be discussed later, will be the same type with the
only difference beiti3 that flight m,•odel parts will be screened to a high
reliability level. The digital pa,,e] meters used for visual readout on
the advanced brassboard will not be present on the flight model OAMS. The
channel outputs will be available For use in analog form.

The OAMS electronic package lshown in Figure 7.1-1 will contain three
similar printed circuit cards, one for each char~nel. Mounted toward the
rear or tie end containing electrical connectors will be the power supply,
tite osc~llator and an electrolytic capacitor for the power supply. Power
transistors for the LED drivers are mounted on the chassis at the rear and
use the package container itself for heat dissipation. A preliminary com-
ponent layout for the printed circuit cards is shown on this drawing along
with preliminary package components.

An assembly showing the electronic package, transmitter and recuiver
and connecting cables is shown in Figure 7.1-2 for a base mount and in figure
7.1-3 for a back mount. Connector identification is shown on the package.

Located in the receiver will be the detectors and their preamplifiers.
This results in a reduction in noise pickup since the preamplifiers are
mounted next to the decectors and also a reduction in noise pickup on the
output cables due to the low output impedance of the preamplifiers. The
metal container itself is a good shield for these components where it is
necessary for noise to be a minimum.

All electronic components for the flight model OAMS system are
either established reliability parts or where none were available they
are commercial parts tested to the appropriate military specifications.
The power supply and oscillator subassemblies meet also the appropriate
military specifications along with their internal individual components.
Specifications for the parts are given in the following subsection.

F

1'm

7-1

__ -4z
-N



4 -S

7 IT

~JUr L'

L L L
~~jLI3



MID-

I 43- -E- -
-mm -am-

-- jm

-. ~ (&:-.o

I -IT



44

R, m

1h,



00

=VAAL OVTP'J1

8ý- -

-vim

2. - -

AFL- 7aq



2.i

40I 1 4 - *

£ --.-- At

'ZoeP~ -7



*AG"LM. OUT Pur.

IN

* -AL

~ ~ * Q 4-;gwo- m
1~ -t 

WT



Al 7.1.1 Specifications of Components

INTEGRATED CIRCUITS, OP-AMPS, PMI OP07-068J

MIL-M-38510 Equivalent as follows:

Screened Lo MIL-STD-883A, Level A with the exception of "A" visual
which will be to Level "B" and consequently Hong Kong assembly.
SEM not included.

SAMSO-STD 73-2C SCREENING REQUIREMENTS

Internal (Precap) Visual Examination
Parameter
Acceleration
Hermetic Seal
High Temp Reverse Bias
High Temp Storage/Stab
Power Burn in/Stab
Temp cycle/thermal shock
Radiographic inspection
Radiation
Scanning electron microscope
External Visual Examination
Destructive Physical Analysis
Internal Lead Pull Test
Particle Impact Noise Detection (PIND)

Exceptions to SAMSO-STD 73-2C Screening Requirement

High Temp Reverse Bias
Radiation (Nuclear)
ScAnning Electron Microscope (SEM)
Destructive Physical Analysis
Internal Lead Pull Test

DESC Approved

MODULE, ANALOG DIVIDER, COMMERCIAL DEVICE WITH SPECIAL SCREENING.

MIL-M-38510 Equivalent as follows:

Screened to HIL-STD-883A, Level "A" as follows:

1) Bake
2) Temp Cycle
3) Visual
4) Serilization
5) Electricals at 25 0 C
6) Burn-in

1



7) Electricals at 25 0C, Min and Max Temps.
"8) X-Ray
9) Visual

Exceptions:

Acceleration
Seal
High remp Reverse Bias
Noise and Bandwidth will not be performed during electricals.

A waiver letter for this device was sent to SAMSO 23 November 1976.

SAMSO-STD 73-2C Screening Requirements:

Internal (Precap) Visual Examination
Parameter (Active)
Accelleration
Hermetic Seal
High Temp Storage/Stab
Power Burn in/Stab
Temp Cycle/Thermal Shock
Radiographic Inspection
Radiation
Scanning Ele:tron Microscope
External Visual Examination
Destructive Physical Analysis
Internal Lead Pull Test
Particle Impact Noise Detection (PIMD)

Exceptions to SAMSO-STD 73-2C Screening Requirements

Accel
Hermetic Seal
Radiation (Nuclear)
Scanning Electron Microscope (SEM)
Destructive Physical Analysis
Internal Lead Pull Test

DESC Approved

SUBASSEMBLY, SPECIAL OSCILLATOR, BULLOVA

HIL-M-38510 Class A as applicable Monolithic Devices

M'L-STD-883 Class A as applicable Monolithic Devices

t1IL-E-8983B as applicable Electronic Equip. for Unmanned Space Vehicles

MIL-S-19500 as applicable Semiconductor*

7-6



Failure rate "S" for resistors and capacitors.

Equivalen of these specification is acceptable

Screening to SAMSO-STD 73-2C for components in the oscillator will be

the same as for parts used by Chrysler.

SUBASSEMBLY, POWER SUPPLY, POWER CUBE

MIL-M-38510 Class A Monolithic Devices

HIL-STD-883 Class A Monolithic Devices

Failure Rate "S" for resistors and capacitors.

JANTXV For Semiconductors.

Equivalent of these specifications is acceptable.

Screening to SAMSO-STD 73-2C for Components in this power supply will

be the same as for parts used by Chrysler.

Resistors, 1 watt, RNC75EXXXXBS

MIL-R-55182E/10

Resistors, ½ watt, RNC65EXXXXBS

MIL-R-55182E/5

SAMSO-STD 73-2C SCREENING REQUIREMENTS
i4

DC Resistance
Hermetic Seal
Temp Cycle/Thermal Shock
Power Voltage Conditioning
Overlead
Radiographic Inspection
External Visual Examination

Exceptions to SAMSO-STD 73-2C

Power Voltage Conditioning
Radiographic Inspection

DESC Approved

CAPACITORS, CERAMIC DIELECTRIC

MIL-C-I1015/12

7-7



SAMSO-STI) 73-2i: Screen~ing Requir. enLs

InLernaal (Precap)j Vistial Examination
Capacitance
Insulation Resistance
Power/Dlssipation Factor/Q

Temp Cycle/Therm Shock
Power Voltage Cond.t ioning

De-Aging
Radiographic Inspection
External Visual Examination
Destructive Physical Analysis

Exceptions to SAMSO-STD 73-2C Screening Requirements

Internal (Precap) Visuial Examination

1hermal Shock
Power Voltage Conditioning
De-Aging
Radiographic Inspection

Destructive Physical Analysis

DESC Approved

CAPACITORS, MICA DIELECTRIC

MIL-C-79001 / 5

SAMSO-STD 73-2C Screening Requirements

Capacitance
Dielecirir Withstanding Voltege

Insulation Resistance
Power/Dissipation Factor/Q

Hermetic Seal
Temp Cycle/Therm Shock
Power Voltage Conditioning
External Visual Examination
Destructive Physical Analysis

Exceptions to SAHSO-STD 73-2C Screening Requirements

Herr-etic Seal
Power Voltage Conditioning
Destructive Physical Analysis

DESC Approved

7-8
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CAPACITOPS, MET1LLIZEM, POLYCARPONATE

MIL-C- 555I4A/4

SA!qO-STD 73-2C Screening Requirements

C~apacitance
Tneulat ion Resistance
Power/Diaripation Factor/Q
Temp. Coefficient
Hermetic Seal
Temp Cycle/Therai Shock
Power Voltage Conditioning
Radiographic Inspection
Exteral Visual Examination

Exceptions to SAMSO-STD 73-2C Screening Riquirements

Temp Coefficient
Hermetic Seal
Power Volta,; Conditioning
Radiographic inspection

DESC Approved

CAPACITORS, SOLID TANTALUM

MmL-C- 39003/1

SAMSO-STD 73-2C Screening Requireaent*

CApscitance
DC Leakagz
Power/Dissipation Factor/Q
Hermetic Seal
Temp Cycle/Therm Shock
Power Voltage Conditionitig
Radiographic Inspection
Exttraal Virual Examination
Destructiv2 Physical Analysis

Exceptions to SAMSOoSTD 73-2C Screening Requirzements

Hermetic Seal
Power Voltage Conditioning
Destructive Physical Analysis

DESC A~p'oed

!'ii7 '"9



CAPACIrOR, ALUMINUM ELECTROLYTIC

"MIL-C-39018/3

Not included in SAMSO-STD 73-2C Screening Matrix

DESC Approved t.y Telecon but Limited Application for SAMSO.

1. Comparator, National Semiconductor LMIl9D/883

2. Voltage Reference, National ,emiconductor LM199AH-20/883

MILo1-38510 Class A Equiv. with exception that will not be processed
to Notice 2 of MIL-STD-883 Class A

SA4SO-STD 73-2C Screening Requirements

Internal (Precap) Visual Examination
Parameter
Accelerat n
Hermetic Seal
High Temp Reverue Bias
High Temp Storage/Stab
Power Burn In/Stab
Temp Cycle/Thermal Shock
Radiographic Inspection
Radiation
Scanning Electron Microscope
External Visual Examination
Destructive PhysivAl Analysis
Internal Lead Pull Test
Particle Impact Noise Detection (PIND)

Exceptions to SANSO-STD 73-2C Screening Requirements

High Temp Reverse Bias
Radiation (Nuclear)
Scanning Electron Microscope (SEN)
Destructive Physical Analysis
Internal Lead Pull Test

D.SC Approved

Transistor, Signal: JANTXV2N3057A

MIL-S-X9500/391

Transistor, Chopper: JAWTXV2N2432A

MIL-S-19500/313
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TransisLor, Medium Power- jANTXV2N3766

MIL-S-19500/518

SAMSO-STD 73-2C Screening Requirements

Internal (Precap) Visual Examination
Parameter (Active)
Accele:ration
Hermetic Seal
High Temp Reverse Bias
High Temp Storage/Stab
Power Burn-in/Stab
Temp Cycle/Therm Shock
Particle Impact Noise Detection (PIND)
Radiographic Inspect ion
External Visual Ex~amination
Destructive Physical Analysis
Internal Lead Pull Test

Exceptions to SAMSO-STD 73-2C Screen:'ng Procedures

High Temp Reverse Bias
Radiographic Inspection
External Visual Examinatiou
Destructive Physical Analysis
Internal Lead Pull Test

Excepti ons to SA!•O-STD 73-2C Screening Procedures

High Temp Reverse Bias
Radiographic Inspection
Destructive Physical Analysis

DESC Approved

Diodes, Signal: JANTXVIN4153

MIL-S- 19500/337

Diodes, Rectifier: JANrAVIN5618

MIL-S-19500/427

SAMSO-STD 73-2C Screening Requirements:

Intarnal (Precap) Visual Uxsaination
Farameter (Active)

Acceleration
Hermetic Seat
Uigh To* Storage/Stab

..... 7-11



Power Burn- n/Stab
Temp Cvcle / 'herm Shoct
Radioraphik I-spection
External V.sual Examination
Destructive Physical Analysis

Exceptions to SAMSO-STD 73-2C Screening Requirements -I

Radiographic Inspection

Destructive Physical Analysis

ELECTRICAL CONNECTOR, PYGMY, MS311411--and M53116F--

MIL-C-26482

To be approved by DESC

P.C. CONNECTORS

MIL-C-55302/57A

MIL-C-55302/58B

DESC Recommended by Telecon

HOOK UP WIRE, 22 AWG

MIL-W-81044/4

DESC Recommended by Telecon

SHIELDED CABLE, LOW CAPACITANCE, TWO CONDUCTOR, EC22U9-OSTX

MIL-C-55021/2

COAXIAL CABLE, MINIATURE, M2750028MBITIO

MIL-C-2 7500

DESC Recommended by Telecon

DETECOR, SILICON PHOTO DIOLIVE, RCA C30852

Screevied to HIL-STD-803A as follows:

i' Method 2002.1 Cond. D
2) Method 2005 Cond. E
3) Method 1010.1 Cond. B

4) Method 2001.1, Yl Axis only, Cond. D.

5) Method 1014.1 Cond. B, CI,C2

7-12
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LED, GaAs, T.I. SL-1162-4
LED, GaAIAs T.I. SLH-19
LED, GaIAs T.I. SLH-20

Screened to MIL-STD-750 Methods 2005 and 4011. Meci.anical shock and

random vibration in accorlance with prime item development specification
CEI No. 73-6, Release Date June 30, 1975.

• I
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7.2 FIlG.IT MODEL. OPTIGAI, I)ESIGN

7.2.1 Transmitter Optical l)esi j•_- 6;eneral

"*fle OAMS transmitter design is shown in ligures 7.2-la and 7.2-1b.,
Figure 7.2-Xa illustrates the optical design of the roll transnitter ane
figure 7.2-lb that of tile pitch and yaw transmitter channels. The light
from the two LED's is collimated by the two aspheric collimating lenses.
The focal length of the lenses is chosen with respect to the effective
LED emitting area such that the total beam spread is approximately 1.1
degrees in diameter.

The light emitted by the LED is non-polarized. One-half of the
light in the appropriate polarization mode is transmitted by the Wollaston
Prism. Two orthogonally polarized and coincident beams exit from the
Wollaston Prism. The other polarization forms, i.e. the other half of the
light from each LED, exits the Wollaston Prism 200 from the axis and is
absorbed by the transmitter wails. This light is lost and does not leave
the transmitter.

The axis of the .ollaston Prism and therefore the direction of
polarization of the emitted light from the Roll transmitter are fixed
relative to the transmitter body. This direction is the reference from
which the twist or roll of the receiver is measured.

The two lateral channels, Pitch and Yaw, are uimilar to the Roll
channels with the addition of two other components: the quarter wave plate
and the Angle Sensing Crystal. These components appear in each of the
lateral channels and are used to define a reference axis for each channel
about which pitch or yaw is measured.

The quarter wave plate changes the linear polarized light into I
circularly polarized light. Since the light from each of the LED's is
mutually orthogonal, the light from one LED is right-hand circularly
polarized as it leaves the quarter wave plate, while the light from the I
alternate LED is left-hand circularly polarized. The system is modulated
by sinusoidally varying the intensities of the LED's, with each LED ,o."'g
modulated 180 degrees out of phase with the other.

The Angle Sensing Crystal, ASC, encodes the light with re;pect to
its direction within the 1.1 degree beam spread. The A,,gle Senning Crystal
behaves as a wave plate or optical retarder in which the retardation is a
function of the angle of incidence on the crystal. The light within the
center of the transmitter beam enters che Angle Sensing Crystal at normal !
incidence and is unchanged. This light leaves the transmitter circularly
polarized. Elsewhere, within the 1.1 degree beam spread the light strikes
the Angle Sensing Crystal at a non-normal angle of incidence, and its
polarization state 'S altered. The lignt becomes more and more elliptic-
ally polarized toward the edge of the beam. I
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Figure 7.2-.L. OA1S Flight Model Optical Design - Roll Channel Transmitter.
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Figure 7.2-lb. OAH3 Flight Model Optical Design -Rlteral C•annel Transmitter.
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Figure 7.2-2 1 lustrates the restults of ray !race calculations.

In the ray, trace five equallv spaced rays are shown coming from the
LED source. At the Wollaston Prism each of tLhese rays is split into its
two polarization forms. One of the polarization forms is refracted along
the line of sight of the -nstrtime|t, while the other form is deviated to-

ward the internal walls of L.i: structure. The internal walls are black
an-Aized aluminum, and the reflected light is reduced to a negligible in-
tensity after two reflections A portion of this undesirable polarization
form does leave the instrunent through the Angle Sensing Crystal (ASC)
after only one reflection. However, this light is reflected approximately
twenty degrees from the line of sight between the transmitter ar.d receiver,
and cannot enter the receiver unle.;s re-reflected from an external surface.

Table 7.2-1 lists the transmitter optical components and their

specifications. A detailed description of the major components follows.

7.2.1.1 LED's and Collimating Lenses

The optical design of the Flight Model LED and collimating section
differs from that of the advanced Brassboard design in that a separate
collimating lens is utilized for each LED. This was necessary in order
to accommodate the smaller effective emitting area of the LED's used in
the Flight Model. The smaller emitting area requires a smaller focal
length for the collimating lens to achieve a given beam spread.

The focal length of the LED collimating lens must be such that the
lens images the LED emitting surface at infinity with the image sustending
1.1 degrees. In addition the diameter must be as large as possible, con-
sistent with the mechanical constraints, to provide for maximum beam in-
tensity or light collection efficiency.

The following LED's are selected for each channel; the peak emission
wavelength is also shown:

Pitch SLH - 19 810 nm
Yaw SLH - 20 850
Roll SL- 1162-3 935

The effective emitting area of the --D's is such that a collimating lens
of focal l.1ngth of approximately 12.0 mm provides an adequate beam diameter
of 1.1 degrees or more. This focal length images the central emitting area
of the LED. The internal reflector in the LED is not imaged within the 1.1
degree beam. If a large focal length collimating lens is used such that
the reflector is imaged within the beam, very large intensity variations
(greater than 50%) are usually enc untered across the beam. This is caused
by a dark ring between the emitting area and the reflector. This dark
ring is imaged into the far field of the transmitter.

A 12.0 mm effective focal length lens, 15.0 mm in diameter is found
to be optimum for the above LED's. An anti-reflection coated aspheric lens is
used to reduce the effects of spherical aberration.
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Fig.ures 7.2-3 and 7.2-4 are tvpical b~eam prof iles iusinlg different
lenses. These figires illust rate (lic LED/lpns combination intensity as
a function of angular direction. The intensities in each profile are
shown on a relative scale for a plano-convex lens and an aspheric lens of
approximately the same focal length. In all cases the aspheric lens pro-
vides for a greater on-axis intensity than the simple plano-convex tans.
In the lateral channel lED, figure 7.2-3, the increase is over one-hundred
percent. In the roll channel, figure 'l.2-14, the increase is approximately
forty percent.

7.2.1.2 Wollaston Prism

The details of the behavior of a Wollaston Prism are available in
almost any basic optics text. Basically, as shown in figure 7.2-5, the
prisn. acts as a beam di.vider and separates an incoming beam into two beams,
the intensity of each being the intensity of the two orthogonal polariza-
tion forms representing the initial beam. The two emerging beams are sep-
atted by an angle which is a function of the prism wedge angle.

The Wollaston Prism must be made from a material with the proper
birefrigence, which in the present case is Calcite. The cement used to
bind the two prism wedges together must be carefully selected for the re-
quired temperature range. Calcite is a brittle material when compared to
glass. Most ordinary optical cements which adhere to military specification
HIL-A-3920B when applied to glass are not suitable when the substrate mater
lal is calcite. The majority of the available optical cements corresponding
to the above MIL-spec will cause the calcite to crack over the OAMS opera-
tional temperature range. Consequently the Wollaston Prisms ate fabricated

" iwith a cement manufactured by Dow Corning, XR-6-3488. This cement, while
not rated to MIL-A-3920B, has been shown to be adequate when applied to
c,•lcite. The manufacture's temperature specification for the three cemented
optical components of OAMS is shown in Table 7.2-2. In all cases the manu-
fliacturer's specifications exceed the OAMS requirements.

The beam divergence of the Wollaston Prism is 200 + 0.50 and the
entrance and exit faces are coited with a broad hand anti-reflection coat-
ing providing less than l.5% surface reflectivity between 0.78 and 0.97
in: c runs.

7 2.1.3 Quarter Wave Plate

Tlie quarter wave plate is oriented relative to the Wollaston Prism
such that the plane polarized light emerging from the Wollaston is converted
to circular polarization. Since the planes of polarization of the light
from the two LED's are oriented 900 relative to each other, the wave plate
converts the light f'rom oupe L.ED into right hand .irct, larly polarized light
amd other LEI) is converted into left-hand circularly polarized light.
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Linear Intensity Scale

Req tired OAMS Beam Spread, 1.10

-10r12 mm Aspheric Lens

15 mnm Piano-Convex Lens

II

12 mm Aspkieric Lens

I

15 mu Piano-Convex Lens

Figure 7.2-4. LED Intensity Profile, SL-1162-3 #3.
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The wave plates are i-,de oi mica cut. to the required thickness to
provide a zero 3rder retardation at the proper wavelength. The mica is
then cemented between two pieces of grade A optical crown for protectioih.
See Table 7.2-2 for the cement temperature specifications. The retarda-
tion is one-4uarter wave at the following wavelengths:

Pi£Lch 810 nm
Yaw 850 n-i

Both exposed sucfaces are inroadband, anti ref[ection coated for 1 5 per

cent reflectivity or less.

7.2.1.4 Angle Sens.rng Crystal

The Angle Sensr',g Crystal consists of rvo crystalline quartz plates
cemented together, with the opt-ical axes of each plate having the proper
relative orientations as described in the CEI specificstions. The crystal.
line quartz conforms to MIL-G-174A, Grade A The totai thickness of the
Angle Sensing Crystal is 3.0 millimeters (+ .025 m). This thickness is
chosen to provide for an adequate instrument field of view.

The angular encoding is performed by the Angle Sensing Crystal, the
encoding being in the form of an optical retardation which is a function
of angle of incidence. The range of angles over which the encoding or re-
tardation is unambiguous is termed the Angle Sensing Crystal Field of View.
This field of view is a function of crystal thickness and wavelength. The
fields of view for each channel (lateral channels only) for a 3.0 milli-
meter thick crystal are:

FOV
pitch 810 nm 1 860

yaw 850 nm 1.980

These fields of view are chosen to be sufficiently larger than the
required OAMS measurement range (± 0.25 degree). This selection provides
adequate system linearity, since the encoding or retardation of the Angle
Sensing Cryscal with respect to angle of incidence becomes non-linear as
the angle of incidence approaches the edge of the crystal field of view.

The two quartz plates which comprise an Angle Sensing Crystal are
cemented together with Kodak adhesive HES-1 which is a modified metha-
"crylate suitable over the temperature range -65° to 160 0 F. This is within
the OAMS operation, storage and transportation temperature requirement of
-40 to 160°F, see Table 7.2-2.

7.2.2 Receiv!r - General

The OAM receiver design is shown in figures 7.2-6a and 7.2-6b.
Fignre 7.2-6a illustrates the optical design of the roll receiver and

figure 7.2-6b that of the pitch and yaw receiver channels. In the pitch
and yaw channels the first optical element is the Angle Sensing Crystal (ASC)
which defines the axes about which the angles are measured and provides the

cpt~ical angular encoding.
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"T1". Witt 1I:1 ;t1lo Pri !:tit itintir ,jll- v t (ollowi ,ii) t It( Ant ,- e Sen-.i It;, (tCrvsta I
spliits h ll 16,h1 Intlo its two polarizarion co1,1ponenLs, ;Ich lhilI' di e1,t-
ed through a filter and a oens which focuses each cowponent oiu . the
appropriate detector. An optical interference fi1ter al lows only light
from the appropriate i ransnitter channel to reazh tte detectL'rs.

The pla , --convcx I ens focuses the isiglt on each of i',e two
""detectc, rs. The detectors, however, are placed slightly out of focus to
red,,ce lhe effects of local surface irregulariti-s on the detector.

The roll cl,annel does not contain an Angle Sensing Crystal and the
axes of the Wollaston Prism are oriented 45 degrees relative to those of
the Wollaston Prism in the transmitter. Also the center wavelength of the
optical filters ar, dif ferent for each channel . In all other respects,
the roll receiver channel is identical to that of the other receiver
channels.

Figure 7.2-7 shows the results of the reeirer ray trace. The rav
trace shows onily the on-axis rays. An aperture -(op is inccluded just be-
fore the Wollaston Prism which limils the clear aperture to approxirItely
one inch in diameter. This is required to eliminate vignetting within
the prism itoelf. With.out the stop the vignetting would cause a portion
of the light in one or the other polarized beams to strike the sides of
the Wollaston instead of rvaching the approximate detector. This would
create the same effect as a detector unbalance.

Table 7.2-3 lists the receiver optical components and their speci-
fications. A detailed description of the components follows.

7.2.2.1 Angle Sensing Crystal

The Angle Sensing Crystais in the receiver lateral channels are
identical to those in the transmitter lateral channels except for size.
The receiver Angle Sensing Crystals are 31.8 mm in diameier as opposed to
25.0 mm in diameter for the transmitter angle sensing crystal. Tle thick-
ness in both cases must be indentical in order to minimize cro,,s coupling
when the receiver and transmitter are translated relative to each other.

7.2.2.2 Wollaston Prism

The major differences between the receiving Wollaston Prism and the
transmitter Wollaston Prism are tie size and the divergence anvlc of the
two polarized exit beams. "Thle receiver Wollaston Prism aperture is 15.0 mm
on a side which is smaller than that of the transmitter. rhe divergence

Sangle is 150. This larger divergence angle is chosen to accommodate the
I Idetector sizes and associated detector mounting components which are larger

than the LED's and the l.D mollntings in the transmitter. "The 1.chavior of
the receiver Wollaston Priem is the same as in the transmitter. The polar-

I. * ization state of the light received from the transmitter is changed by the
Angle Sensing Crystal according to its angle of incidence. The Wollaston
Prism divides the light from the Angle Sensing Crystal into two beams, the
intensity of each depending of the polarization state of the incoming beam.
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7.2.2.3 FocusIng Lens

A plano-convex lenis of 64.0 mm tocal lerigt;. follows the Wollaston
Prism in each of the receiver channels. Tile purpose of the lens is to
focus the light from the Wollaston Prism onto the detectors. The focal
length is chosen so that the focused spot falls within the detector sensi-
tive area (5 mm in diameter) for light entering the receiver at all angles
within the field of view. As shown in figure 7.2-8 the detector sensitive
area is placed approximately 2.0 millimters behind the focal plane of the
lens. The light spot falling on the detector is approximately 0.8 milli.
meters in diameter. By spreading the light over a larger area instead of
maintaining a sharp focus, the effect of localized variations in detector
sensitivity is reduced.

The lenses are optical crown plano-convex and are coated for less
than on- percent reflectivity.

7.2.2.4 Detectors

The optical detectors are RCA C30852 single-element silicon photo-
voltaic photodiodes. The detectors are supplied with a protective glass
window. This window is coated for lvw :election losses over the design
wavelengths. This increases the effective detector responsivity and hence
the system signal to noise ratio.

The detectors are specially enhanced by the manufacturer for
opcration at near infrared wavelengths.
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7.3 MECHANICAL i)ESIGN - FLI(GHT MODEl•

The three assemblies that are required for the sensor are found in
figures 7.1-2 and 7.1-3. Figure 7.1-2 shows the flight model design with
the transmitter and receiver assemblies being base mounted. This config-
uration allows the transmitter and receiver head to be mounted directly to
the table or surface on which the equipment being monitored is attached.
The fitting of the OAMS equipment in this base mounted configuration
allows for fixing either by straps around the body of the sensing heads or
fixing bolts through the mounting structure directly into the end plates
of the sensing heads.

Figure 7.1-3 shows the flight model design with the transmitter and
receiver assemblies being back mounted. The configuration allows the t.ans-
mitter and receiver heads to be mounted directly to the equipment being
monitored. The fixing of the OAMS equipment in this back mounted configu-
ration allows for fixing by hard mounting to three machined buttons at the
back of the sensing heads. If required a combination of both fixing methods
could be used.

Figures 7.3-1 and 7.3-2 show the details of the transmitter and receiver
heads in the back mounting configuration. The basic design for the transmitter
and receiver heads for the two mounting configurations is the same as in the
advanced bcassboard model. The outer housings are different due to the
geometry of the mounting configurations. With the new optical design in the
flight models the need for the mechanical eccentric mounting adjustments is
not required; for this reason the flight model mechanical design does not have
eccentric ialeeves for mounting the LEDs. In the advanced brassboard model
the pitch channel has been modified to the flight model configuration both
in optical and mechanical components and hardware.

The flight electronics unit can be mounted and tailored to suit the
available volume. It is shown in figure 7.1-1 as being a ba mounted
aluminum box with a volume of 500 cubic inches. Table 7.3- .nows the
weight and volume cf the transmitter, receiver and electronics for the flight
model.

Weight Volume

Transmitter 10 lbs 16Z cubic in.Mh -s

Receiver 12 200

Electronics 8 500

Total 30 lbs 860 cubic inches

Table 7.3-1 Weight and Volume - Base Mounted
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8.0 SYSTEM TEST AND EVALUATION

OAMS system evaluation, since Phase I final report, can be !ivided
into three stages namely,

a. Evaluation after replacement of the detectors and the LEDs in
all three channels, rebuilding of LED drive circuit, and
implementation of LED control loop.

b. Complete rebuilding of the electronics in all three channels,
retro-fitting of optics in the pitch channel and replacement
of detectors from unsealed units to hermetically sealed units.

c. Exploratory engineering evaluation tests at Holloman AFB to
determine OAMS performance envelope.

However, this report will address itself to those tests made here at the
Hichoud Assembly Facility. Problem areas found both at Michoud and Hollo-
man will be discussed along with our suggested solution.

The information present here will commence with LED testing and
adjustment, followed by accuracy and temperature s_!nsitivity testing.
Finally, a discussion of OAMS application and commv--ts oa. OAMS perform-
ance will be presented.

8.1 LED TESTING

During Phase I OAMS testing, it was determined that the TI-SLH3 and TI
-SLH4 LED@,which are composed of GaAsP material and applied in the lateral
channels, exhibited a rapid decrease in light intensity as a function of
time. In the roll channel the GaAs, GE-SSL-55C, LEDs were employed and
their characteristics exhibited a long life cycle. However, a need to acquire
higher light output LEDs for roll channel application was genuine since a
higher signal-to-noise ratio is directly correlated to an increase in light
intensity. Also, the GE-SSL-55C LEDs had, by design, a less favorable heat
sink dissipation property compared to others with stud mount design. Having a
better understanding of LED requirements for OAMS application, a search
was begun to locate LEDs that would best fit our needs for lateral and
roll channel use.

As a result of this search wc settled upon the Texas Instrument, Inc.
LEDs. For the lateral :hannels we are using the G&AlAs LEDo and in roll
the GaAs LEDs. Typical characteristics for these LEDs are shown in Table
8-1. All of these LEDs are stud mounted for temperature sink purposes.

Table 8-1 LED Characteristics

Center Wave Ccntinuous
Channel Part No. Length Power Ratine @25°C

Pitch SLE-19 810 nm 3 mw @ 100 ma

Roll SL1162-4 935 nm 17 mw @ 100 a

JYaw SLH-20 850 na .. 3 m__@ 100 ms

8-I



The linearity of light u.,tput to applied drive current varies some from
LED-to-LED in each type. The linearity progressively decreases for lower
currents; operations below 10 ma are not recommendee for OAMS application.
"typical linearity for the SL-1162-4, flight qualified, at about 30 ma
is -0.4% and at 21.3 .na is -1.3%. No firm linearity figures are available
yet for the SLH-19 and -20 fl- ht qualified LEDs, but from conversation
with TI these LEDs should be less than 2½ per cent over the current opera-
tion range of 10 ma to 215 ma.

The operating half-life of LEDs is inversely proportional to the
square of the operating current. Because of this a compromise between
linearity and half-life must be made and we hc-re chosen 100 ma as the
quiescenit ol0-•rating point. 'or this current the estimated half-life for
GaAlAs LEDsare about 26,000 hrs and for the GaAs LEDsare about 50,000 hrs.
In c:onnection with LED life we ran an indeperdent 1000 hrs, but limited in
qu#.ntity of LEDs, burn-in test during the surmier of 1975 on the SLH-19 and
-20 LEDc with a drive current of 200 ma dc. Two LEDs Per type were tested
and the resulting decrease in light output from zer. hours is illustrated
in Table 8-2. This data indicates that the most rapid dip occurs at the
two hundred hour range and th.reafter the drop is less abrupt. Papt 1000
hro Air Force Reports (AFAL, TR-72-159 and TR-73-251) indicate that a linear
decrease somewhere around 1.8 to 3.4 per cent per 1000 hrs can be expected.
The test data quoted is for two LEDe up to 6000 hrs. of testing and operated
at 250 ma.

Table 8-2 L.FD Bu~n-In Test (1000 h's)

SLH-19 SLH-20

l'evice A Device B Device A Device B

247. ' 260 hrs 317 @ 260 hrs 21% @ 224 hrs 31% @ 260 hrs
,30% (3 458 hrs 33% @ 524 hrs 247. @ 484 hrs 33% @ 524 hrs

34% @ 7-"0 hrs 38% '? 776 hrs 25% @ 748 hrs 41% @ 776 hrs

L3 5 %__ @1000 hrs 45% @10O0 hrs 28% @1000 hrs 44% @!()00 hrsj

The SLY 19 an& -20 LEDs tire nonamphoterically built. Amphoterica 'r
built devices are built by growing layere of GaAs _n a silicon wafer o-•,t•
a wide temperature range. Deiending upon the temperature range it eill e
either an N- or P-type device. The nonamphoterically built device is M&24-
by diffusing zinc into the N-type wafer. Therefore, this means .hat upon
heating and cooling t;ip device des not change from a P- to N- or N- ta P-
type. The SL-1162 ý •lDs are amphoLerically built and are Wrt, efficient
and have a higher output irradiance because of this construccic-i. The
diadvantage here is that they must be protected against radio-ion heatinb
to prev,.t changing state. The effi..Aency uf the CmaAlA LEDs are about 1.7
per cent while that of G.As is about 3.5 per cent.

From Table 8-2 it can be deduced that, ,hen pairing of LEDs for CONT
an! *I purposea, in the OA1M it is des-rable that the intensity decay rate
ais a function of time track,.. This will prevent the CONT voltage Vc from

,Q-2



prematurely reaching an extreme at an early stage of O-:S operation. In
addition to this matching, it is also important to test irradiance output
with the actual filter used in the RCVR becLaise some LEIs may have a high
irradiance output, but are slightly mismatched, wavelength wise, wit!- the
filter.

Most important here for OAMS is tie LED light pattern adjustment.
By choice we have selected 100 ma dc as the quiescent current and the REF
LED drive circuit has been designed to maintain -his value constant.
The REF LED is adjusted first; the light pattern detected at the ROIR is
adjusted by a combination of foLusing, defocusing, and rotation of the LED
light image at the XMTR until a symmetrical d.c. light pattern is ob:ained.
The symmetry is best determined by pitching and yawing the XMTR by + 20
minutes and recording the data for comparison with the CONT LED. (,ice this
condition is satisfied the REF LED is turned off and the CONT LED .t tt r'ned
on with the control loop opened and Vc chosen to operate the LED at !OOmad.c.
The same procedure as that for the REF LED pattern is followed except that
an additional constraint must be imposed. This constraint requires that
the CONT LED light intensity matches that of the REF LED when pitch and yaw
motions are executed at the XMTR. This match ia verift ed by varying Vc
which in turn controls the amount of current driving the CONT LED.
Without this constraint LED balance is not possible for some pitch and
yaw motions at the XMf,, and thus offset errors will occur when the XMTR is
rotate-. Herein lies a major disadvantage with the Phase I geometrical
optics/eccentricity configurAtion. With this corfiguration, which is now
in the roll and yaw channels, it is difficult to match the REF and CONT LED
light pattern and success is often dependent upon trial and error with other
LEDs of the same wavelengths. The new optics now installed in the pitch
channel enables easy adjustmen. and matching of the REF and CONT LED pattern.

86" SYSTEM TEST

Systcm test for OAMS ar MAF can be subdivided into two distitict phases
as described in the introduction of Section P.0. The purpose here is to
present a summary of pertinent datA and comments concerning the results. In
this way a continuity in our katiovale for various decisions during OAMS de-
velopment can be better undvrstood.

8.2.1 Brassboard No. L ] in

Towards the end of vaM Phase I effort several crucial and recognizable
problems emerged during testiit,. These problem areas were: 1) the need for
a control loop that performed LED balance and maintained a constant Aodula-
tion as described in Subsection 5.2.2, 2) securing three distinct wave-
length LEDs that have long life end emits higber irradiance and 3) determ-
ing the source of large system output noise and finding a possible fix. The
electrical noise was of buch magnitude that a one hz lowpass filter had to
be ised during system calibration readings. After some investigation the
g8airation of noise was aLtributed to the pre-amp circuit and a damping
resictor Rd and ciruuit as described in Subsection 5.3 was implemented.
Signal-to-noise ratio wns further increased by replacement of the existing
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smaller active area and higher junction capacitance, Ci, detector by the
RCA-C30852 unit which in effect increased the responsivity by about 70 per
cet, lowere Cj from 500 pf to 250 pf, and increased the active area from

to 20Z The new detectors were ordered without tha window since
the cap size was too large to fit in the RCVR barrel. :'Jwever, later on
during temperature testing it was found that unsealed detectors are subject

to large responsivity changes due to humidity and impurities in the envil:on-
ment. Location and subsequent purchase of lorg life, high reliability LEDs
and for roll higher irradiance output, lead to a further increase in signal-
to-noise ratio.

In the latter part of 1975 and early 1976 Brassboard No. 1 was modified
with new LEDs, detectors, pre-amp, and a control loop. In January/February
1976 the optics were aligned and on February 24 calibration curves were
taken for pitch, roll and yaw with a range of 15.2 meters. The results of
these curves will not be presented here since they are basically similar to
that of Brassboard No. 2 and the differences will be taken up when discuss-
ing the curves of Brassboard No. 2.

Roll channel cross coupling was analyzed experimentally to establish
its source. After much effort in June 1976 it was established that the
effect was from the Wollaston Prisms located in the RCVR and XMTR. The
polarization pla-nes (vertical and horizontal) are nonorthogonal and this
claim was subbtantiated from experiments and confirmed by the mnufacturer.
The effect of nonorthogonality is discussed in Subsection 5.1.2.2. During
the process of this experiment we rotated the %CVR Wollaston and it did
minimize cross coupling to some degree when the XMTR was pitched. However,
the long term effect of this exercise was to transfer the larger portion
of crosecoupling from the pitch axis to the yaw aris. This will be confirmed
in the calibration curve analysis.

Following the crosscoupling effort, temperature testing of the three
units (RCVR, XM1R and electronics box) by heating and cooilng each from
4.44 0C to 37.8 0C (400 F to 1000F) was perfrcmed. The test results indicated
that about 100 arc-sec. variations occurred over the temperature range Ohen
testing the XK>TR. The RCVK unit showed variations of about 20 arc-sec. over
this rsnge. The electronic unit had about 20 are-sec and 53 arc-sec vazia-
tions for pitch and roll channels, respectively. The yaw channel sum board
developed an anomaly during cooling, thus no direct comparison of the yaw
electronics cAn be made. The purpose of this test was to tVentify the sources
causing any variationa and to get some feel of OAMS inder s, ch an environment.

By analysis of the data an" through subsequent componenL testing and
special localized testing on OA it was possible to isolate some of the
contributing factors to system . fset. These are:

a. LED control loop balance was not tight enough to compensate
for changes in irradiance/detector/pre amp balance changes (see
Equation Interpretations Subsection 5.L.1.4).

b. The GaAs and G&AlAs LED efficiency changes ove" the temperature
V&nge are about 637, and 90%, respectively. Since the L~s were
not paired according to similar tracking characteristics, the
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control voltage Vc varied and the results was a relaxation
in the levels of LED balance. This problem was somewhat
aggravated by the 427K divider whose phase changes were much
larger than the current 436B divider (see Eqs. (5-18c) .
(5-19c)).

c. The responsivity of the detectors were permanently altered
due to the deposit of moisture on the active area when cool-
ing. This was particularly true for the yaw channel si zce
an unbalance of 50% was later confirmed. Also, a marked in-
crease in system noise was noted thereafter.

d. Optics/mechanical effects were suspected after a simulated
LED intensity change of 40 per cent was performed with little
change in system output at various angular settings. This was
accomplished by varying the REF LED current and allowing the
CONT LED to follow. This test was particularly significant be-
cause it decoupled the electronics from the mechanical fixture
(since no mechanical motion was involved). Also, it proved that
LED nonlinearity is not a significant contributor to system
scale factor changes.

Ihe only significant changes recommended, other thsn that already
planned in the new electronics, were 1) to eliminate all trim pots, e.apec-
Lally in the pre amp circuit, 2) replace the detectors with those hermeti-
cally sealed, and 3) to increase loop gains. Because of a change in detect-
or cap design hermetically sealed units were installed in November 1976.
These sealed detectors virtually eliminated changes in detector/pre amp
balance due '.o humidity and temperature changes.

8.2.2 Brassboard No. 2 Testing (Advanced Brascboard)

Following debugging and adjustment of the electronic circuits for
proper gains, voltage levels, phases, and signal scaling, another tempera-
ture testing effort was begun. Due to lack of a cooling unit at this time
only heating of the RCVR, XWrR and electronics units from 23.9 0 C to 37.8 0 C
(750F ?o 10OF) was accomplished. Table 8-3 lists a sumary of the changes
Clue .o temperature effects.

Table 8-3 OANS System Output at 37.8 0 C

Units Pitch Yaw Roll

(arc-see) (arc-set) (arc-set)

RCYR -30 -16 31

XlT& 37 -25 10

Electronics 0 0 0

Mechanical correctfons due to movements of the RCVR and XMTR during heating
where obtained by auto-collimators and the data of Table 8-3 was altered to
accomiodate these changes. The heating technique used here was somewhat
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different, than the previous temperature test, since instead of enclosing
the RCVR or XMTR with an insulated heater box; we simply wrapped the rear
portion of the vnit with the heating coil. The Burleigh star gimbal mount
now used for RCVR mount prohibited the use of the previous heater box. The
electronic unit was heated by the same box used in Brassboard No. I testing.

Another series of tests were made to isolate the source of deviation.
Nck unexpected changes were found in the electronics that could contribute
to tht.'e changes. The pre amp circuits were individually heated and the
observed effects to the system output were negligible. However, one
common effect was noted when the RCVR and XITR are heated. The irradiance/
detector/pre amp unbalance changes from ambient were unusually large, as
shown in Table 8-4. From Figure 5-5,K (GdGx/GsGf) is about 24 to 32 times
larger in roll than that of the lateral channels. Therefore, changes in the
roll channel will be amplified by 7 to 11 times that of the lateral :hannels,
thus a larger number for unbalance is obtained. With the use of Eqs. (5-26)
and (5-39) and the LED balance ratio, u, found in Tatle 5-5, it can b,. shown
that, the irradiance/detector/pre-amp unbalance of Table 8-4 would yield
with both LY" on, an error of about one arc sec for all cases, except that
of the RCVR -1 where the error is calculated to be about -12 arc-sec.

Table 8-4 Changes In Irradiance/Detector/Pre Amp
Unbalance at 37.8 0 C

Units Pitch Yaw Roll
(arc-sec) (arc-sec) (arc-sec)

RCVR -69 -72 -1167

XHT 127 -50 150

Since the relative responsivity, between the horizontal and vertical de-
tectors, will change less than 0.25 per cent over such a temperature range
and from the heat test on the pre amp which showed negligible changes, it
can be concluded that the changes ace either mechanical, optiual or a com-
bination of mechanical and optical. Possible solutions will be discussed
later in this section.

On January 19, 1977, before trar -tation and setup of OAMS at
Holloman An, calibration curves weri &ken as shown in Figure 8-1 to 8-5.
Upon examination of these curves there are several key points to note:

a. The scale factors are not one arc-sec/mv since fixed resistor
were used in gain adjustments and in pitch and yaw the devis-
tions are also in c--cordance with the sinkO term of Eq. (5-26).

b. pitch and yaw crosecoupling magnitudes are directly re2ated
to LED light distribution, RCVR and XMTR ASC adjustments, and
quarter-wave plate adjustments.
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c., crosscoupling into roll as a function of pitch and yaw table
movement is directly related to RCVR and XMTR Wollesion prism
adjustments, LED light distributicon and degree of prism non-
orthogonality (see Eq. (5-56)).

A noticeable difference between Brassboard No. 1 and Brassboard No. 2
curves is the crosscoupling into the roll channel when pitching and yawing.
For Brassboard No. 1 the larger crosscoupling occurred when pitching and
for Brassboard No. 2 it occurred when yawing. For this case the crosscoupling
magnitude was 48 per cent larger in Brassboard No. 2 than for Brassboard No. 1.
The reason for the switch in crosscoupling magnitude, as described, is because
of the 900 rotation of WR during our Wollaston nonorthogonality experiments.
All other curves for Brassboard No. 2 are similar to those of Brassboard No. 1.

8.3 OAMS APPLICATION

From the data present in this section and the anticipated results from
the Holloman AFB testing there are several outstanding problems remaining
with OAMS. The purpose of this subsection is to define these problems and
outline suggested approaches that can be taken to minimize their effects.
However, a few words concerning the OAMS design/application criteria arc
in order before the discussion of these problems and in this way a fuller
understanding of OAMS capability.

OAMS research and development effort stems from the need of the U.S.
Air Force to have a device that can measure small three-axis rotational
movements within a range of 15 are-minutes; have an accuracy of 9 arc-sec;
operate within a 10 hz dynamic response; withstand the transition from a
missile launch envirenment to that of outer space (nonopcrational during
launch phase); operate in a radiation environment including some degree of
nuclear radiation; operate at a separation range of 15.2 meters (50 feet);
maintain accuracy, for RCVR traverse movements of + 6.35 cm (± 2.5 inches),
about ali 3-axis; operate over a 4.440 C to 37.8 0 C (40°F to 1000F) tempera-
ture range; and consume about 20 watts of power from an unregulated 28 VDC
source. The unique feature of OAMS is that it can measure simultaneously
"roll" as well as pitch and yaw angular motions which no other system to
date hes been able to accomplish without extensive instrumentation, higher
power consumption, and higher volume and weight. Low power consumption re-
quirem.,ents dictated that the tight source be from LEDs with a long half-life
and that their operating currents be as low as possible without compromising
periormanue. Half of the power consumption is in the electronics ad the other
half is lost in the DC/DC conversion process to the t15 VDC ar-d t7.5 VDC scur-
ces. It power and weight constraints can be relaxed lasers can be used instead
of LEDs and a corresponding increase in signal-to-noise ratio will result, there-
by enabling much higher accuracy measurements with OA2S and at increased ranges.

A basic application of OAMS in a close-loop control scheme is to supply
continuous angular motion measurements for a three axis position system,
such as a large telescope mount, antenna, etc. From the calibration and
temperature datataken,compensation for voltage scaling, crosscoupling and
variation of system output due to temperature changes must be provided.
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Naturally, the objective in the OAMS design is to minimize crosscoupling
and variation due to temperature, however there are physical and adjust-
ment limitations that may prevent the OAMS from operation in an ideal
mode. Steps to be taken to trim unwanted behaviors in the O*4S will be
outlined later in this section. If we assume for the moment that varia-
tions are present and deterministic, then it is possible to compensate
for these errorz by a program that calculates the necessary corrections
by use of empirical formulas. These formulas can be derived to express
angular movements in pitch, roll asd yaw as a function of OAMS system
output provided that the variatior" are predictable and lends itself to
curve fitting in the sense of I square. Therefore, linear regrer o=nA%
equations of angular movement 0 on system output voltage (Vo) can "t ob-
taired for all three types of angular movements that influence a given
channel. in addition linear regression equations as a function of tem-
perature for both Lhe RC'VR and XMTK can be obtained if sufficient data
poJLns are taken. Equations (8-1) through (8-4) describe the methodology.

0ji - bji + uijVoi (8-1)

Otj = btj + mtj AT (8-2)

aT - 75OF - T (8-3)

9 e = 2(ji + etj (8-4)

j= b + mpjVop ' rrj~oz " myj~oy + Otj

where,

j = subscript identifying monitored axis (p- pitch,
y - ya'w oi r - toil)

i - crooscoupl'ng subscript p, y, and r

-= angtilar rotation; arc sec.

b - intercept; arc sec.

Voj system output voltage; my

Mtj slope of linear equation; arc sec./mv

AT temperature change; OF

T = temperature of RCVR or XMTR; OF

Equations (8-1) and (8-2) could take other more complex forms, depending
upon the accuracy desired. In order to develop a model foT QJ, from
c,%libr-tion data, that will be genert I1 for all combination of movemes'-
the crosecouplin? effects must be included. The procedure to follow
here is to compute the curve fit equation as a function of one variable
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using the calibration data, then using this equation to convert cross-
coupling data to equivalent angular displacements, and finally compute
the angular movement Qj on Voi. Table 8-5 summarizes the results of
such a fit for t 20 arc minutes aad for Brassboard No. 2 data. The term
r is the coefficient of correlation and S is the standard error of esti-
mate Voi on Oji" If r = +1 or -1, there is perfect correlation, that
is, there is a linear relationship between the independent and dependent
variable. If r<O the line has a positive slope and if r>0 the line
has a negative slope. The error estimate may be due to noise, error in
instrument reading, etc. an.' ideally is zero. It should be noted here,
that the slope for the crosscoupling in roll, when yawing, is an order
of magnitude larger than the other crosscoupling terms.

Curve fitting for temperature variation were not made because of
insufficient temperature data. If we average the intercept points and
perform the indicated steps implied by Eqs. (8-1) and (8-4) the follow-
ing approximate regression equations for pitch, roll and yaw results:

Pitch 9p = 1.11 + 1.002 Vop-O.005Vor-O.Ol6Voy (8-5)

Roll Or = 3.997 + 0.972 Vor b 0.029Vop+ 0.118Voy (8-6)

Yaw e = 1.352 + 0.932 V - O.'05Vor + 0.0003Vop (8-7)

Obviously a more comprehensive c' rye fit (f : flight models) would involve
more terms and woulc :- checked for various combinations of pitch, roll
and yaw rovement,-. Also, the equations wou. not be the same for all
OA4S urkts since the errors are dependent upin the individual components
and up)n the effort expended in alignment pr. :esses.

Should a different separation distance (range) oetween the RCVR and
MX•R be desired several mino: changes must be made. The electrical

I changes would involve nr-- gain values for the CONI AMP, Sum 10 hz Filter
and Differential Amp (L-. Figure 5-3). However, the present CAMS system
can accommodate a .1:1 variation in range with no external adjustments.
The limiting factor, in the reduction of range, is the increase in sum
voltage Vs to such a point that the divider denominator Vx and amplifier
reaches saturation and/or the control loop reazhes instability (see Sub-
section 5.2). Also, the beam diameter will decrease, thus limiting trans-
verse readings. For increased range the limiting factor is the decrease
in irradiance at the RCVR to such a point that the system electrical
noise will be dominant. Fcr a significant change in range settings other
than the present 15.2 meters refocusing of the objective lens relative to
WT is required in order to decrease or increase the diameter o r the light
heam at the RCVR.

'IThe outstanding problems remaining with O*S are:

a. Crosscoupling in all channels.

b. Temperature sensitivity of all three channels when the
RCVR and MTR are heated and cooled.
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c. System offset in all three channels when relative transverse motion
between transmitter and receiver occurs.

d. Light sensitivity due to background illtmninatiou that is within the
optical filter spatial bandwidth and w'thin the receiver field of
view.

e. Eliminate transmitter Wollaston rejected beams.

f. Further work required on definition of error sotrces.

Until recently, where the electronics were rebuilt and improved method-
ology in alignment of LEDs, optics, and temperature testing of all three units
were made, the inalysis of the effects listed under Item a, b, and c was ambi-

guous. However, with the inherent problems of Brassboard No. 1 electronics,
discussed in this section and Section 5.0, behind it is now possible to cor-

relate these effecLs, to soase extent, with component alignment and applica-
tions of a component or components in the OAMS mechanical/optical subsystem.
The approach suggested here is systematic in the sense that affirmative steps
can be taken to either eliminate or minimize certain undesirable effects and
then later through experimentation iientify and suggest approaches that can
be used to clean up the remaining problem.

In the set-up at Holloman and at Michoud, one of the basic problems en-
countered is the lack of a good image quality, especially that of the CONT LED
relative to the RP.F LED. This can be most readily understood by consideration
of th1Žinitial alignu•ent requirements for OAhMS. With the receiver and trans-
mitter mounts level and the receiver apertuire within the LOS of the transmitter
aperture, it is required, besides system output Vo-O, that the sum voltage V5
and c•ntrol voltage V, be at a mid range point. The idea here is to avoid op-
eration of OAM at or near extremes as far as light levels and CONT LED pur-
poses'require. Because of these basic requirements for system proper opera-
tions'' the transmitter unit had to be pitched and yawed (an iterative process)
until an approximete mid range point i, established for Vs and Vc. Once this
is satisfied the system output is zeroed (for all 3 channels) by perturbation
of the receiver unit in pitch and yaw in order to offset the incident angles
built in at the transmitter. Finally the transmitter mount is rolled until the
roll ahannel system voltage Vo-0. The effect of this Is to misalign the hori-
zontal and vertical polarization plane of the ASOr relative to ASCR and for
roll V1 relative to Wp. This will then, later, result in an increase in cross-
coupling between channels.

Or experience with the pitch channel shows that none of the mid range ad-
justuent problems discussed for Vs and Vc now exist. This is due to the improved
optical design incorporated in Brassboard No. 2 transmitter pitch channel. Also,
this cow design enables easy adjustment of the REF and CM LED light pattern
such that they coalesce and are not skewed. It is reconmended that implementa-
tiou of this optical retro-fit be the first step in O*1 modification. The
significance of this modification can not be fully assessed at this time on
roll sid yaw chanwl performances.

The crosscoupling mentioned in Item a can be reduced in the lateral chan-
nel by r-adjustment of the quarter-wave plates and ASC at the receiver and
transmitter. These were last adjusted with Drassboard No. 1 configuration.
Once the quarter wave plate is adjusted for circular polarized light, the

Sand ASCO ere successively adjusted by pitch and yaw notion until the
crosacoupling effects are negligible. The roll channel adjustments are
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not as straightforward as that of ,iae lateral channels and mu3t begin
by selvetion of a WlIaston prism (see ,•ubsection 5.1.2.2) for t0e X7TR
that has the least nonorthogonality. Foltowing this, the Wollastons
are aligned by use of a polaroIld sheet which effectively decouples the
notiorthogonalihy of f, from W1,. Once the Wollastons are set the same
iterative process of picchirZg and yawing at the RCVR and XMTR is repeated
until minimum crosscouplirig is attained.

Recommended approaches :u the solution of RCVR and XWIR temperature
sensitivity is less definite than that of crosscoupling, however, by
process of elimination and previaws erperience with CAMS Iikely suspects
in compo nt behavior can be investigated. OANS reaction, during temper-
ature testing, is to produce an offset in Vo as shown in Table 8-3. Along
with thi3 offset the detector/pre-amp shows an unbalance with large mag-
nitudes in the roll channel because of the added gain (above that of
lateral channels) requiLtd in scaling the system output. With LED balance
values of -'-,it 1.0 per cent (see Table 5-5) the effects of this unbalance
is diminish., significantly as shown by the first term of Eq. (5-26). The
H1olloman AFB test results indicate the same behavior except that XI4TR heat-
ing and cooling detector/pre-amp unbalance (for roll) are more in line
with the value of that shown for the RCVR in Table 8-4. The magnitude of
unbalance is directly related to temperature and returns to their initial
settings when at ambient. With the RCVR at ambient and the XMTR tempera-
ture varying, the implication here is that an interaction effect between
LED average wavelength changes (GaAs LED over temperature range will
change by ± 10 nm) and the RCVR filter transmittance (horizontal and ver-
tical polarization planes) will occur. The effect of this is to unbalance
the two optical paths to the detectors. According to the manufacturer,
the filters are sensitive to temperature, wavelength and angle of inc'i-
dent. Filters for use with polarized light must be designed to compen-
sate for these effects and compromises are required. The Brassboard No. 1
and flight model filters were not ordered with this requirement. Howe.ver,
the flight model filters have a much sharper peak and are wore compatible
with the LED wavelength. Analysis of the data mhen the RCVR temperature
is varied and during transverse movements yield similar detector/pre-amp
unbalance.

According to Karl Lambrecht Corporation, the Wollaston prism manufacturer,
the only change expected over the temperature range is a 600 arc sec movement

• Iin the deviation angle and no corruption of the polarized signals. Therefore,
it is probable that the larger portions of angular movements during tempera-
ture variations are due to the optical mounts in the XMTR and RCVR. Examina-
tion of the mounting techniques should be made to acertain that stress and
strain are not introduced on the Wollastons, ASC, and quarter wave plates.

The RCVR optics do not have an aperture stop before the WR thus a strong
possibility of vignetting at the detectors. This would naturally affect the
system output during transverse movements. Also, realignment of the detectors
to assure improved light receptivity is rezommended.

Z,
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Items d and C due to background illumination and reflection can
be minimized by the use of baffles. Background illumiination increases
the stum voltage, V,,, anid causes a change in scale factor (see Eq. 5-26).
Reflected signals from the XO4TR rejected beam will have a similar effect
as that of background illumxnation, plus the introduction of an a.c.
signal of like frequency in the processing electronics.
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9.0 CONCLUSIONS AND RECOMMENDATIONS

During Phase 11, OAMI development has undergone several modifications
which significantly improv.ed system oAtput performance and reliability.
These modifications were mostly in the electronics where higher performance
LEDs, detectors, dividers, transistors, power supply and op amps where in-
cluded in the new electronics (Advanced Brassboard). Improvements in the
pre-amp circuit design and wire shielding were made to reduce the system
electrical noise output, especially for roll. The system electrical rms
noise output with a 1 hz low pass filter are 0.6mv, 0.44mv and 1.5mv for
pitch, yaw and roll, respectively. The system power consumption was re-
duced to about 20mv. A constant modulation index and LED balance were im-
plemented with a new LED drive amplifier circuit and a control loop; the
result was a reduction in system output offsets and scale factor changes.
Besides hardware changes, improvements in LED, detector and optics adjust-
ment techniques were developed (some not fully implemented yet) to improve
CAMS output during receiver and transmitter angular movements.

System testing at Micioud AssembLy Facility included (not as compre-
hensive as that at Holloman AFB) accuracy and temperature testing. These
testa were limited on the Advanced Brassboard mainly due to lack of suffic-
ient time, equipment, a stable base, and stable ambient environment. Accur-
acy tests indicete that system outputs are repeatable and that the roll
channel output is linear over a much wider range than that of the lateral
channels. Crosscoupling was evident in all three channels with the roll
exhibiting the largest values. Roll crosscoupling, depending upon receiver/
transmitter orientation, could be made non-linear. Temperature testing of
receiver, transmitter and electronic units between ambient and 37.8 0 C (1000F)
indicated offsets in system output as illustrated in Table 8-3.

Modifications in the pitch channel optics/mechanical configuration

were made to enable better light distribution and adjustments. Tests
showed an improvement in the linearity of the crosscoupling term in pitch
versua that of roll and yaw when transverse movements were made at the
receiver. Offsets, during transverse movements were made at the receiver.
Offsets, during transverse movements, produce the most outstanding problem
in OAKS and the contributing source must be identified and a fix imple-
mented. Crosscoupling due to receiver and transmitter rotations, accuracy
calibration, and tearperature sensitivity can be compensated if predictable;
however, offsets and crosscoupling effects due to transverse movements can
not be compensated. Because of the crosscoupling and temperature sensitivity
effects, the following steps are recommended:

o Replace the roll and yaw LED, optical/mechanical '-n-
figuration now present in Advanced Brassboard, with up-
grading to the level of the flight model configuration.

" o Perform systematic tests, where applications are
questionable or information is unavailable, on the
optical components to ascertain their characteristic
behavior in OAMS environments.

9-1
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"o Replace afl of Brassboard optical elements in the receiver
and transmitter to conform with the improved flight com-
ponents and mechanical design.

"o Insert an aperture stop before the receiver Wollaston
prism to prevent vignetting.

"o Perform LED, optical, and detector alignment to
confoz,' with improved techniques developed during
OA1S research and development period.

"o Perform another calibration and temperature test
after implementation of the above steps.

"o Implement baffles on the receiver to ascertain its
effectiveness in rejection of background illumination and
beam deflection

"o Further improvement on error model to account for these
effects.

"o Study methods of increasing dynamic range.

1
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APPENDIX A

NIICL•AR SURVIVABILI'•Y

1.0 INTRODUCTION

This report will address the effecLs of NIuclear Radiation on
electronic components and circuits and the selection of components and
design of circuits to resist these effects for an Optical Angular Motion
Sensor (OAMS).

The Optical Angular Motion Sensor (OAMS) will be used in a space
environment. It will be designed by taking consideration into the radia-
tion hazards it will face in space and possible exposure to radiation
from a nuclear explosion.

The radiation effects parameters and typical values for an explosion
of one megaton at a distance of 4.5 miles to be cotnsidered are listed in
Table I.

TABLE I
Radiation Effects Parameters

Parameter Typical Value

I. Overpressure 4 psi (peak) at wind velocity of 60 ft/sec.
2. Thermal Pulse 15 cal/cm2 (sec) for 0.025 sec, 12.5 cal/cm2 (sec)

for 1.9 sec.
3. Neutron Density 1013 n/cm2 (1 Hey equivalent)
4. Total accumulated dose 10 rads 4
5. Electro~aagnetic Pulse Emax -10 V/m, lmax = 30 At/m
6. Gamma dose rate 1010 rads (Si)/sec
7. Light Intensity 106 c/cm2 with peak at 40000 A
8. Fallout 1000 reds for 2 days with particle size of 1-100

microns radius

Of these parameters listed in Table 1, only neutron density, total
accumulated dose, and gauma dose rate occurs in r.he natural space environ-
mert. In this environment, neutron density, and gamma dose rate are small
and total accumulated dose is large only when the dwell time is great in
those regions where the natural radiation is trapped by the earth's magnetic
field.

1.1 NUCL•A• SURVIVAL IN A HOSTILE ENVIRONMENT

In a hostile space environment effects of Neutron densIty, Total
accumulated dose, Electromagnetic pulse, gamia dose rate? and light intensity
occur, usually at very high values. The rest of the effects listed can occur
only in an air burst or ground explosion tnear the earth's surface.

A ground blast differs from an exo-atmospheric blast in that for the
former, air transforms thermal energy into het and blast shock, while the
latter's thermal energy is radiated over a broad spectrum consisting pri-
marily of X-rays.

* A-1
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k 1.2 NUCLEAR SURVIVAL. "N A NATURAl. ENVIRON, lNT

Nuclear radiation effects upon space equipment can be duc to the
natural environment of space (Van Allen belts, solar flares). The most
important sources ot this natural radiation are trapped radiation, cosmic
radiation, auroral radiation, and radiation due to solar flares.

TABLE II

PRIMARY OUTPUTS OF A ONE-MEGATON THERMONUCLEAR WEAPON BURST
(EXO-ATHOS PHERIC)

1EAN ENERGY APPROX. YIELD
OUTPUT SOURCES TYPICAL PERCENT

Neutrons Fission Reaction 1.3 HeV 1.0

Gamma rays Fission Reaction 1.1 14eV 2.6
Fusion Reaction
Neutron Capture

Inelastic Scatter
Radeoactrve decay

X-Vays "Blackbody" radiation 68.9

Alpha Particles Fuiio. Reaction --

Radioactive Decay

ieta Particles Radioactive Decay 1.1 MeV 2.5
(electrons)

Weapon Debris Nuclear weapon and 50.0 KeV 25.0
case osterials

Visible Light Fireball

The raturat environment for orbital altitudes less than 500 nautical
miles is not a severe one, however. the accumulated radiation dose absorbed
over a long period of time can adversely affect the performance of space
components such as silicon control rectifiers and optical parts. From th is
aspect, the effects oi this natural envircatwent must be taken into account
in any long-life spacecraft system at altitudes in excecs of several hundrod
nautical miles.

The unshielded space radiation exposure is given in TOR-0059(6311)-15 is:

Integrated ionizing dose - 109 roentgens/year
Integrated proton fl'tx - 3 x 1212 protons/cm2 /year
Integrated electron flux - 101 electrons/cu2/year

}I
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11t, unshielded space radiation maximum dos#, rate is also viven as:

Maximum ionizing dose rate - IO7 rpentgens/hour
Maximum proton flux (E I Mev) - 10 protong/cm2 /sec
Maximum electron flux (E 200 Key) - 3 x 10 electrons/ctn2 !sec

Auroral electrons are expected to be shielded out by the aluminum used in
the housing since they are in the tens of Fev range of energy. The sun's
sp :trum outside the atmosplb,-re contains an ultraviolet component which
extends in significant quantities down to around 1000 angstroms. It will
primarily af.ect the external windows and seal materials.

The natural env".ronment consists of cosmic rays (high energy protons);
Van-Allen h-It tranped radiation consisting of electrons and protons with
energies mainky i, thc rang, e of 20 Key to several Mev, this flux being a

inction .f both latitude and altitude; auroral radiation (650 to 700 north
and south la-itude), consisting of relatively low energy electrons (less
than 50 Key) and a r.uch lesser proton flux with energies ranging up to 600 Key;
solar flares which consist of intense proton flux - due to the earth's r.mg-
netic field thes, protons are deflected away from the equator and are most
intense in the polar regions.

2.0 RADIATION EFFECTS OF ELECTRONIC COMPONENTS

The two basic intcractic,.s that describe the transfer of energy rrom
the radiation flux to the atoms of the target are ionization and displacement.
Particles may impart enough energy to a struck atom to move it to a new
location in the lattice structure. In semiconductors, displacement dis-
rupts the orderly crystal lattice structure and is equivalent to the addition
of impurities. These disturbances in the lattice structure reduce current-
carrier lifetime and degrade performance. Displacement is a permanent
effect. The region of most interest generally will be from 0.1 to 12 MeV.

2.1 EFFECTS DUE TO FAST NEUTRONS

The role of the fast neutron is primarily the displ-cement of atoms
from lattice sites in solids (whereas gamma rays result in the production
of secondary electrons In all types of matter). The number of displace-
ments produced by neutrons (and secondary electron effects) are primarily

* Ifunctions of the total exposure rather than the rate of exposure. There-
fore, integration of the -sdiation produced by nuclear bursts is required
to determine the effects. Displacements produced in solids will be permanenti ~effects and hence are important not only during the transient radiation pulse
but also following it.

2.2 IONIZATION EFFECTS PRODUCED BY TRABSIENT. GAMMA RADIATION

Important transient effectti due to gamma radiation include secondary
electron emission, changes in gas conductivities, excess carrier effects
in sa•taonductors, surface and volume resistivity changes in insulators,
generation of E-N fields, optical offects, and changes in paramagneticmaterials. Gamm react through photoelectric, Compton, and pair production.

A-3
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The -hoLo-clectric effect is important tor gammas below 100 Key, the
Compton process is important from 100 KeV to 3 or 4 MeVs, and pair pro-
duction occurs only in excess of about 1.2 MeV and is only important in
high Z nmterials.

Table III shoas some ionizing effects in electronic parts due to
gamr't radiation.

For each type of electronic part used in the OAMS flight model, the
dose limit given is the value that can be absorbed by the material before
a measureable change occurs. The radiation doses that can be absorbed by
component parts before a measurable degradation in any characteristic are
tabulated in Table IV column one. The second and third colums of Table IV
tabulates the amount of Neutron Fluence in neutrons per square centimeter
which will cause wild and severe damage respectively.

3.0 GENERAL DFSIGN GUIDELINES

General design guidelines that have been followed for the component
selection and circuit design for nuclear survival hardening for OAKS are
covered in the following sections.

3.1 COMPONENT SELECTION GUIDELINES

Component selection was made on the basis that the most radiation
resistant component was selected that met the electroaic parameter require-
ments and reliability criteria of the system.

3.1.1 Transistors

Transistors of each type used in the 0AW flight model %ere selected

for their

1. High alpha cutoff frequency
2. High current gain
3. Low power
4. Low collector-to-emitter saturated voltage

5. SeAll geometry

3.1.2 DLou_..

Diodes of each kind were selected for:

I. Fast recovery
2. Low Power
3. Small iunction volume

A-4
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TABLE III EFFECTS OF GAMMA RADIATION ON
ELECTRONIC PARTS

COMPONENT MAJOR EFFECTS

Resistors Secondary Emission, Resistivity Changes
Wire and In General, Metal Film Resistors
Offer High Resistance To Radiation

Capacitors

Glass Dielectric Very Little Effect
Mica Dielectric Small Permanent Effect - Transient

Increase in Capacity
Ceramic Dielectric No Appreciable Radiation Effect
Polycarbonic Dielectric Very Little Effect
Paper Dielectric Gas Evolution (in Neutron Flux), Decrease

in Capacity and Severe Decrease in
Insulation Resistance

Electolytic Increase in Capacity, Decrease in
Dissipation Factors

Diodes Increase in Reverse Currents, Photi-currents,
Change in Dynamic Resistance

Transistors Photocurrents, Gain Changes, Reverse
Current Increases - Transient &
Permanent Damage Possibilities,

r Changes in Carrier Lifetimes

Insulators

Vinyl Plastic Severe Discoloration
Polypropylene & Silicones Lose Tensile Strength-Become Brittle
Mica Degradation in Dielectric Strength
Asbestos Very Little Effect If Protected from

Thermal Neutron-

Transformers Electrical Performance Essentially
"Unaffected, Rupture of Hermetically
Sealed Cases Can Occur

Coax Cables Voltage Drops Along Conductor, Coax
Shield Breakdown

Silicon Control Rectifiers Very Sensitive to All Radiation

Envi roment s
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IAISLE 1 V RADIANI ION TOLERANCE LLVILS
FOR O•AMS ELECII(ONIC COMI'ONEFNrS

Neutron Tolerance
(O)MPONENT RDL Mild Se ve re

Resistors--fixed film--oxide lo6 2 x 1012 2 x 1016
carbon 109 1015 1017
metal 101 1  3 x 1016 5 x 197

Analogue Divider 106

Diodes, Silicon--pou.'r 105
switching 107

Transistors--power to5  1014 1015

switching 107 1016

Coriparators 106 1013

Precision Voltage Reference 106 1013

Power Supply 2 x 103(106) 1012

OP-AMPS 106 1013

Oscillator--Tuning Fork 1011

Capacitors--Solid Tantalum 107

Metalized Polycarbonate 10 7

Mica 109 101 1015
Ceravic 1010 1015 1015

LED--GaAIAs 105(107-108) I012

Si Photovoltaic Photodiodes 108 1015

Electrical Connectors 108 1015

Heat Sink Compound 109 1015

Hook Up Wire 109 IO18

Shielded Cable 108

RYX: Radiation dose limits in rads(Si) befare measurable change occurs.
() 257. decrease in parameters

Neutron Fluence is given in n/cm2

See Ricketts, FWDAMEWTALS OF NUCLEAR HARaMNING OF ELECTRONIC EQUIPrMENr,
Table 3.7, p130., Table 3.11, p13 6 ., Figure 10.4, p451., Figure 3.12, p1 6 1.,
Table 3.19, p158.
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3.1.3 Silicon rectifiers

Silicon rectifiers were selected for:

I. Fast switching times
2. Large switching currents

3.1.4 Integrated Circuits

Integrated circuits were selected for:

1. Dielectrically it..•lated units to eliminate parasitic

2 transistors and no latchup.
2. Those minimized for space-charged areas in the transistor

and diode elements.
3. Those operated at lowest possible voltages at reverse-

biesed junctions.
4. Resistors or diodes are used between base and emitter

to drain out photccurrent.
5. Thin-film resistors are used.

3.2 GENERAL DESIGN GUIDELINES

Thb Following nuclear-hardening guidelines are used for OAMS circuit
design:

I. Saturated logic in the oscillator circuitry is used.
2. Maximum base drive for transistors in saturation; and

minimum impedance at transistor base will be employed.
3. The circuit is designed with maximum gain and maximum noise

margins. The circuit is operated at high ambient tempera-
ture and high injection levels.

4. The use of direct-coupled stages, negative feedback, and
current-limited designs. Protective devices to prevent
burnout will be used wherever possible. Operational

amplifiers have protective devices in their design.
S5. Conservative fanout, maximum bias stabilization, and mini-

mum ultrastable voltage requirement will be incorporated.

I 6. Cancellation of spurious currents will be insured.
7. The use of small capacitance values and low impedance levels.

8. Potting circuits with insulating materials will be considered.
9. Circuits will be designed such that electrical parameters

sensitive to radiation are not extremely critical in a

it functional operation.
10. Adequate shielding, deco.pling, bypassing, filtering, and

feedback to reduce or eliminate bad effects from gamma dose

rate pulses, prompt neutrons, electromagnetic pulses, or
all three.

I 11. Impedrnces will be checked to eliminate possible trouble with
S[ ionization effects which may cause trouble in circuits that

operate in the megohm range.
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12. Interconnecting cables, wire loops, and ground paths, will
be checked to certify that they are minimized for absorption
of radiation energy.

13. Temperature overdesign techniques will be used to compensate
for the additional heating effects due to radiation.

3.3 SHIELDING

In addition to component selection and circuit design for hardening
of electronic systems to nuclear radiation, attenuation or blocking of the
radiation can be effected by surrounding the electronics by solid mattrr
or repulsive fields.

There are two types of shielding:

(a) Passive: i,e use of materials that will absorb part of the
radiation, I = Io exp (-ux) for high energy gamma rays, dense
materials such as lead, steel, and depleted uranium can be used.
The choice of material and thickness must be traded to give the
desired amount of reduction in intensity with reasonable weight
and volume considerations.

For neutrons, low atomic number materials have the highest nuclear
absorption cross-section. Thus lightweight materials such as
beryllium and boron are potentially effective.

Most electrons and protons (with the exception of high energy
electrons) can be stopped with a few tenths of an inch of aluminum.
The secondary radiation emitted must be considered in such cases,
however.

With the use of micro-e'ec~ronic circuits and the resultant small
circuit volume, passive shielding is fetssible in many applications.

(b) Active: the use of electric and magnetic fields as a deflector of
the charged particles (electrons and protons) has been suggested.
Such methods are not recommended due to the added complexity and
power, weight and size penalties.

The active method of shielding will not be considered for the reasons given.
As for passive shielding; The six IC A C30852 Silicon detector/MOS-FET com-
binations in the receiver assembly and six Gallium-Aluminum-Arsenide light
emitting diodes in the transmitter assembly are surrounded by one to two
inches of solid matter, either aluminum, quartz, calcite or steel. The
attenuation provided by this material compared to that of the electronics
box cover which shields the rest of the components can bring the MOS-FET's
ourvival capability tip to that of the remainder of the semi-conductor parts,
dependent upon the energy and type of radiation particles encuuntered.

tI
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'4• • 4.0 ELECTROMAGNETIC PULSE DESIGN GUIDELINES

Electromagnetic Pulse design hardening is achieved by shielding,
which can be prohibitively heavy for spacecraft applications or by judici-
ous design techniques all of which are found in application in the design
of OAS:

4.1 GENERAL PRELAUT IONS

I. All cables are shielded, kept as short as possible, and all
unwanted noise is kept outside the signal band.

2. All chassis openings and apertures are kept as small as possible.
The same techniques as utilized in reducing rf interference are
employed.

3. Filtering and decoupling are used whenever possible, particularly
at inputs and outputs.

4. Component selection is used to choose components having sufficient-
ly high voltage ratings, power ratings, currn.nt ratings, ur all three.

4.2 GROUNDING

1. Incorporating where possible, a separate ground path for ac, dc,
and signal currents.

2. Connecting a ground path to the most direct, lowest-impedance
route possible.

3. Utilizing several arterial ground paths to the power supply common
point, as opposed to using one superground bus.

4. Avoiding multlended ground buses or lateral ground loops.
5. Using as few series connection (solder joints, connectors) as

possible in a ground return, and making sure that they are good
electrical connections.

6. Choosing grounding points for bypass capacitors with extreme care.
Never grounding a bypass capacitor near a high-flux-density chassis
current.

7. A power ground should be routed with its corresponding hot wire
in a twisted pair if large currents are carried.

8. Power grounds and their hot-wire complements should pass through
adjacent connector pins in wmltiple-pin connectors.

4.3 SHIELDING

1. Use of shielded wire for external power circuits.
P 2. Use of twisted pair for af circuits that are grounded at a single

point and for internal power circuits.
3. Use of shielded wire for multiple-ground audio circuits.

4.4 WIRMC lAYOUT

1. Reference and susceptible circuit% are not routed with power
and interference circuits.

2. Ri-susceptible circuits may be routed with dc reference circuits,
provided the rf-susceptible circuits are not a source of interference.
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4.5 BONDING

1. hle bond must in no way degrade the quality of the bonded
structure or joint.

2. Insofar as possible, bonds should be made between the same type
of metal. When differe-,t types of metal are bonded, they should
be as close together in the electrochemical series as possible
to prevent corrosion.

3. Bonding by means of jumpers should nut be considered satisfactory
unless no other practical method can be utilized.

4. Bonds should be installed In locations that are accessible for
maintenance.

5. Bonds should be of sufficient cross-sectional area to carry ally
potential currents that may develop.

6. Bonds should not be held in place by self-tapping screws, because
such connections generally produce high-resistance contacts.

7. The threads of screws or bolts should not be used to establish
rf bonds.

4.6 OTHER CUIDELINES

I. OAHS has a narrow bandwidth so that interference susceptibility
is reduced.

2. Impedances that vary in time cause varying currents, whereas
impedances that vary with the current through them or with the
voltage across them (nonlinear impedance) act as equivalent genera-
tors of varying electromotive force. Therefore, the current flowing
within such circuits will contain a second and third harmonic that
were not present in the original source. Any nonlinear impedance
is thus a possible source of interference. All possible such sources
will be reduced or zlitý.'nated in the flight model design.

3. The OAM poaer supply is rfi and emi shielded.
4. Diodes are selected that will operate at the lowest current density

in proportion to maximum rated current, and with the highest rated
working and peak inverre vltage consistent with other design
requirements.

5. The lowest possible switching rate has not been selected. Shielding
will be used to compensate for radiation vulnerability. Ripple re-
duction and filtering requirements are foremost here.

6. Filtering of the interference signals will be made at the diodes.
Actual harmonic filtering or transient current reduction is effective.

Series inductors o" shunt capacitors to the load may also be used.
7. Loads that are to be switched are to be kept as resistive as

possible.
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